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Abstract

This dissertation addressed low-voltage and small-area design and implementation of narrow-
band and wideband CMOS low-noise amplifiers (LNAs). It was organized into five chapters and
two appendixes. The summaries of each chapter were as follows:

Chapter 1

A background for this work and fundamentals of LNAs were described.

Chapter 2

A 1.0V, 5 GHz two-stage CMOS LNA with inductive source degeneration was demonstrated. Its
design methodology based on analytical expressions was also presented. The two-stage topology
consisting of common-source and common-gate stages was more suitable for low-voltage op-
eration than a conventional cascode topology. The complete analytical expressions of the LNA
performance were first derived from the small-signal equivalent circuits. The LNA fabricated
in a 0.15 pm fully-depleted silicon-on-insulator (FD-SOI) CMOS process occupied 0.25 mm?
and achieved an S; of less than —10 dB, N F' of 1.7 dB, voltage gain of 23 dB, and //P; of
—6.1 dBm at 5.4 GHz with a power consumption of 8.3 mW. These measurements were consis-
tent with calculations obtained from the derived analytical expressions.

Chapter 3

A 0.5V, 5 GHz transformer folded-cascode CMOS LNA was demonstrated. The chip area of a
conventional folded-cascode LNA was reduced by partially coupling the internal inductor with
the load inductor. The effects of the magnetic coupling between these inductors on the LNA per-
formance were also analyzed. The LNA fabricated in a 90 nm digital CMOS process achieved an
S11 of —14 dB, N F' of 3.9 dB, and voltage gain of 16.8 dB at 4.7 GHz with a power consumption
of 1.0 mW. The chip area of the presented LNA was 25% (0.21 mm?) smaller than that of the
conventional folded-cascode LNA (0.29 mm?).
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Chapter 4

A 1.0V, 3.1-10.6 GHz transformer noise-canceling CMOS LNA based on a common-gate topo-
logy was demonstrated. The transformer consisting of the input and shunt-peaking inductors
partly canceled the noise originating from the common-gate transistor and load resistor. The
combination of the transformer with the output series inductor provided wideband input impe-
dance matching. The LNA designed for ultra-wideband (UWB) applications was fabricated in a
90 nm digital CMOS process. It achieved an Sy; of less than —10 dB, N F' of less than 4.4 dB,
and Sy; of more than 9.3 dB with a power consumption of 2.5 mW and occupied the smallest
chip area (0.12 mm?) among previously reported 3.1-10.6 GHz CMOS LNAs.

Chapter 5

The achievements obtained in this work were summarized and this dissertation was concluded.
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Chapter 1

Introduction

1.1 Background

The high-frequency performance of metal-oxide semiconductor field-effect transistors (MOS-
FETs) has improved rapidly, due to advances in complementary metal-oxide-semiconductor
(CMOS) process technologies [1]. This allows us to implement radio-frequency integrated cir-
cuits (RFICs) for the front-ends of wireless transceivers by using St CMOS technologies. The Si
CMOS technology has two advantages over SiGe or III-V compound semiconductor technolo-
gies, conventionally used for RFICs. First, the CMOS technology costs lower than the others,
due to fewer masks layers and processing steps. For example, a 0.13 ym CMOS process costs
approximately 20% lower than a 0.13 pym SiGe BiCMOS process [1,2]. Second, the CMOS
technology allows high integration of RF circuits with digital circuits on one chip, called system-
on-a-chip (SoC), which can achieve higher performance and lower chip cost [3,4]. Thus, CMOS
implementation of RFICs is indispensable for creating low-cost and high performance wireless
communication devices.

However, the scaling of MOSFETSs has imposed two stringent requirements on CMOS RFICs.

One is low-voltage operation. As MOSFETs scale down, the allowable supply voltages of
ICs decrease to maintain the device reliability. Reference [5] predicts that the supply voltage of
low-power digital ICs will decrease to 0.5 V in 2016. Considering the integration with digital
circuits, we need to design RF circuits that can operate at the same supply voltage. Most existing
RF circuits, which require more than 1.0 V supplies, can not operate under such a low supply
voltage. Low-voltage circuit topologies are becoming more important.

The other is small chip area or low cost. The CMOS fabrication cost has been increasing
dramatically with the scaling of MOSFETs. Reference [6] shows that a 45 nm (state-of-the-art)
CMOS process costs approximately 10 times as much as a 0.13 pym (most widely used) CMOS
process. The chip cost of ICs mainly depends on the chip area. The chip area of digital circuits,
which mostly consist of transistors, decreases as CMOS processes scale down, and consequently
the chip cost does not increase dramatically. On the other hand, the chip area of RFICs remains
almost constant even with the scaling of CMOS processes, because RF circuits require many pas-
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sive components such as inductors, capacitors, and transmission lines. They shrink very slowly
compared to transistors. Thus, the small-area implementation of RF circuits is another important
consideration when using state-of-the-art CMOS technologies.

The goal of this research is to propose and demonstrate low-voltage (1.0 V or less) and
small-area (0.25 mm? or less) CMOS low-noise amplifiers (LNAs) for narrowband (5 GHz) and
wideband (3.1-10.6 GHz) wireless receivers. Narrowband receivers, which have input band-
widths of less than 1 GHz, are employed in cellular phones, global positioning systems (GPS),
Bluetooth systems, and wireless local area network (WLAN) systems, etc. On the other hand,
wideband receivers are mainly used in ultra-wideband (UWB) systems and can be applied to
multiband/multistandard systems. LNAs are essential building blocks for all wireless receivers,
while they require relatively high supply voltages and large chip area (i.e., many inductors). This
causes the difficulties for creating low-voltage and small-area receiver chips. In addition, the
circuit topologies of narrowband LNAs are quite different from those of wideband ones, which
means that different topologies suitable for each receiver are required. Low-voltage, small-area
and narrowband/wideband CMOS LNAs can therefore contribute to low-voltage and low-cost
wireless receivers.

1.2 Fundamentals of Low-Noise Amplifiers

1.2.1 Low-Noise Amplifier

The LNA is the first building block of RF front-ends for wireless receivers. Figure 1.1 shows a
block diagram of a typical wireless receiver. The RF front-end, which consists of an LNA, mixer,
local oscillator (LO), low-pass filter (LPF), and variable gain amplifier (VGA), amplifies and
converts high-frequency signals into low-frequency ones with the desired signal-to-noise ratio
(SNR). First, the LNA amplifies signals received by an antenna. Second, the mixer downconverts
the high-frequency signals to low-frequency ones by using the LO and then the LPF filters out
unwanted high-frequency components in the signals. Finally, the VGA adjusts the signal levels

off-chip | on-chip
<—i—>
Antenna

Yﬂ;'> """ QAT

Pre-filter

_— ] ——

Figure 1.1: Block diagram of a typical wireless receiver.
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for an analog-to-digital converter (ADC). The RF front-end is usually integrated on one chip.
The LNA determines the input bandwidth and noise performance of the wireless receiver and
must meet the following requirements:

e Input impedance matching — The input impedance of the LNA is set to the characteristic
impedance of the transmission line (i.e., Zy = 50 () for a small input reflection coefficient
and maximum power transfer.

e Sufficient gain — The LNA gain must be large enough to reduce the noise contributions
from the following building blocks (mixer, LPF, and VGA) to the receiver.

e Low noise performance — The noise performance of the receiver is mainly determined by
that of the LNA.

e High linearity — The maximum achievable linearity of the receiver is limited by the lin-
earity of the LNA.

e Stability — The LNA oscillates when it has a negative input or output resistance.

1.2.2 Performance Metrics

LNA performance metrics for input impedance matching, noise, gain, and linearity are described
in terms of an LNA with a buffer with a 50 (2 output impedance, as shown in Fig. 1.2. RF devices
are generally terminated with a resistance R, of 50 (2, and then measured using a signal source
with a resistance R, of 50 2. However, the output impedances of LNAs are not designed to 50 €
but to be high, because the LNAs need to drive capacitive inputs of on-chip mixers or additional
amplifiers. This means that, in the measurement of stand-alone LNAs, the 50 €2 termination
causes inaccurate measurements, in particular, lower gain measurements. For accurate measure-
ments of LNA performance, the LNAs are usually integrated together with buffers, whose input
impedances are capacitive, emulating the practical termination. In addition, the buffers have 50 €2

on-chip o

Avina  Avsuier=1
D )

: Z9=50 O
: >
Transmission ’% é‘ i Transmission
line 5

_ i line
Zin Vin Vout ZoutE R.=50 Qg i

Figure 1.2: LNA cascaded with a buffer for measurement.
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output impedances, providing output impedance matching. The effects of the buffers on the LNA
performance can be ignored or de-embedded, as will be shown below.

Input Impedance Matching

The quality of input impedance matching is evaluated by the input reflection coefficient Sy,
given by [7]
Zi - Rs

B Zm + Rs ’
where Z;,, is the input impedance of the LNA. Equation (1.1) indicates that the buffer has little
impact on S;. Figure 1.3 shows the frequency characteristic of Sy for Z;,, = R+ sL + 1/sC,
which represents the input impedance of a typical narrowband LNA. An S1; of less than —10 dB
is generally required for input impedance matching and the frequency range is called the input
bandwidth.

St (1.1

0 [ ' ' ' . T
X Input bandwidth
R o ] e L
g “f . :
'_\'; - | Impedance ]
v _30 [ |matching ]
[ |region i
-40 [ R=50 Q, ]
- L=5.0 nH, .
| : C=200 fF
-50 N L B B
4.0 4.5 5.0 55 6.0
Frequency [GHz]

Figure 1.3: Calculated Sy, for Z;,, = R+ sL + 1/sC.

Gain

The LNA gain is measured as the forward transmission coefficient Sy; [7]. The voltage gain of
the LNA is defined as the ratio of the output voltage v, to the input one v;,,:

A, = Jout. (1.2)
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When the LNA is followed by a unity-gain buffer with Z,,;, = R, as shown in Fig. 1.2, S5; can
be expressed as

(% Vout
So1 = =2 , 1.3
21 v, /2 s ( )

where v, represents the signal voltage and vy, the output voltage at R;. The input voltage of the
LNA is given by

7.
in = . 1.4
! Rs + Zinv ( )
Substituting Eq. (1.4) into Eq. (1.3), we obtain
QZZ Vout ZZZ
So1 = = A, 1.5
2t Rs + Zm Vin Rs + Zm ( )
which corresponds to A, for Z;, = R,. This means that, under input impedance matching

condition, the Sy; of the LNA with the unity-gain buffer equals the voltage gain of the stand-
alone LNA.

Noise Figure

The noise performance of the LNA is evaluated by the noise figure (NF), defined as 10log,, F/,
where F'is the ratio of the input SN R;y to the output SN Royr [8]:

SNRin

F=—7-/——.
SN Royr

(1.6)

Equation (1.6) indicates that NF is a measure of the degradation of the SNR. By introducing the
total output noise power P, oy and the output noise power due to the source, P, o7 r,, We can
express Eq. (1.6) as
F— M’ (1.7)
Py out,R,
which allows the NF calculations of the LNA.
The overall F' of a cascaded system (i.e., receiver or LNA with a buffer) is given by the Friis
formula [9]:
FQ —1
G, ’
where [} and F; represent the noise factor of the first and second stages, respectively, and &), the
power gain of the first stage. Equation (1.8) indicates that the noise performance of the first stage
is critical to the overall noise performance of the cascaded system and the gain of the first stage
reduces the noise contribution from the second stage. In the case of wireless receivers, the first
stage represents an LNA, and the second stage the other building block consisting of a mixer,
filter, and VGA. In the measurement of the LNA with the buffer, the LNA usually has so large
gain that the influence of the buffer on NF measurements is small.

Far=1+(F—1)+ (1.8)
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Third-Order Intercept Point

The LNA linearity is evaluated by the third-order intercept point (IP5), measured from a two tone
test [10]. The input-output relationship of the LNA can be approximated by

Vout (1) & 1035, (1) + vy, (1) + a0y, (1). (1.9)

Applying two tones with the same amplitude A (v;,(t) = A cosw;t + A coswst) to the LNA, we
obtain the output voltage as

9 9
Vout(t) = (al + ZagAQ) Acoswit + (041 + ZagAQ) A coswat

3 3
+ ZQ3A3 cos (2w; — wsy) t + ZOégA?’ cos (2wy —wy)t+---. (1.10)

The components at 2w; — ws and 2wy — wy are called third-order intermodulation (IM3) products
and appear in the vicinity of w; and w, for w; ~ w,. The fundamental component and IM3
product are plotted versus the input on a logarithmic scale as shown in Fig. 1.4. The IM3 products
increase with the slope of three, whereas the fundamental components increase with the slope of
one. The intersection of the two lines is IP3, and the horizontal and vertical coordinates of IP5
are called the input IP3 (IIP3) and output IP3 (OIP3), respectively. At the IP3, the fundamental
components have the same amplitude as the IM3 products:

3
| Arre, = Jlas|Atrp,, (L11)
where 93 A% /4 is ignored against a;. The IIP; is thus given by

4

aq

A =4/=|—], 1.12

1IPs 3o ( )
and the OIP; is equal to ov; Ajyp3. The IIP3 expressed in power is as follows:

Alrp
P, = Y 1.13
1IPs R, ( )
which we will simply express as 1 Ps.
The Aj;p, of a cascaded system is approximated as [10]
1 1 A?
~ + vl (1.14)

2 ~ 12 2
AHPS A1,HP3 A2,11P3

where A; ;7p, and As r7p, represent the A;rp, of the first and second stages, respectively, and
A,1 the voltage gain of the first stage. Equation (1.14) indicates that the achievable maximum
linearity of the cascaded system is limited by the first stage and the nonlinearity of the second
stage become significant when the gain of the first stage is large. In the measurement of the LNA
with the buffer, the /7 P; without the effect of the buffer can be calculated from Eq. (1.14).
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/ lIP 5 1nput power
(20 log A)
Figure 1.4: Third-order intercept point.

Stability

A two-port network like an LNA oscillates when either the input or output port presents a negative
resistance. The two-port is unconditionally stable when it meets the following conditions [7]:

Ts < 1, (1.15)
'Ll <1, (1.16)
S1985,T
ITin| = 511—1-% <1, (1.17)
— 22
S19595 T,
ICour| = SQQ+% <1, (1.18)
- 111 s

where [y, I';y, I'z, and I'oyp represent the source, input, load, and output reflection coefficients,
respectively, as show in Fig. 1.5. Equations (1.15)—(1.18) state that the real parts of the input and
output impedances must be positive [7]:

Re[Zn] > 0, (1.19)
Re[Zour| > 0. (1.20)

The unconditional stability of the two-port can be evaluted by other parameters: /K and B,
given by [7]
1—|Suf” — Sl + A7
2[S12.591|
By =1+ S11]* — [Sa? — |AP (1.22)

K = (1.21)

2



8 CHAPTER 1. INTRODUCTION

Zg s T Mout [o
I I
Vs él = Two-port < I% 7
L
N network <
ZIN Zout

Figure 1.5: Stability of a two-port network.

respectively, where A = 511559 — S12521. The necessary and sufficient conditions for uncondi-
tional stability are X > 1 and B; > 0.

1.3 Outline of This Dissertation

This dissertation proposes and demonstrates low-voltage and small-area CMOS LNAs for na-
rrowband and wideband wireless receivers. The dissertation is organized as follows.

Chapter 2 presents a 1.0 V two-stage CMOS LNA with inductive source degeneration for
5 GHz applications. Complete analytical expressions of the LNA performance are derived, and
then the design methodology based on the derived expressions are presented.

Chapter 3 presents a 0.5 V, 5 GHz area-efficient transformer folded-cascode CMOS LNA,
which consumes much smaller chip area than the two-stage CMOS LNA presented in Chapter 2.
The transformer reduces the chip area of a conventional folded-cascode CMOS LNA, but affects
the LNA performance. The effects of the transformer are analyzed, and a transformer structure
that has a small impact on the LNA performance are presented.

Chapter 4 presents a 1.0 V transformer noise-canceling CMOS LNA for fullband UWB (3.1-
10.6 GHz) applications. The transformer partly cancels the noise originating from the transistor
and load resistor, thereby improving the LNA noise performance without increased chip area and
power consumption. The noise cancellation mechanisms are described and a wideband impe-
dance matching technique is also presented.

Chapter 5 concludes the dissertation.

Bibliography

[1] H. S. Bennett, R. Brederlow, J. C. Costa, P. E. Cottrell, W. M. Huang, J. Anthony A. Im-
morlica, J.-E. Mueller, M. Racanelli, H. Shichijo, C. E. Weitzel, and B. Zhao, “Device and
technology evolution for Si-based RF integrated circuits,” IEEE Trans. Electron Devices,
vol. 52, no. 7, pp. 1235-1258, Jul. 2005.



BIBLIOGRAPHY 9

(2]

[3]

[9]

[10]

J. Pekarik, D. Geenberg, B. Jagannathan, R. Groves, J. R. Jones, R. Singh, A. Chinthakindi,
X. Wang, M. Breitwisch, D. Coolbaugh, P. Coorell, J. Florky, G. Freeman, and R. Krish-
nasamy, “RFCMOS technology from 0.25um to 65nm: The state of the art,” in Proc. IEEE
Custom Integrated Circuits Conf., San Francisco, CA, Sep. 2004, pp. 217-224.

M. Hammes, C. Kranz, D. Seippel, J. Kissing, and A. Leyk, “Evolution on SoC integration:
GSM baseband-radio in 0.13 pm CMOS extended by fully integrated power management
unit,” IEEE J. Solid-State Circuits, vol. 43, no. 1, pp. 236-245, Jan. 2008.

A. Afsahi, J. J. Rael, A. Behzad, H.-M. Chien, M. Pan, S. Au, A. Ojo, C. P. Lee, S. B.
Anand, K. Chien, S. Wu, R. Roufoogaran, A. Zolfaghari, J. C. Leete, T. Long, K. A.
Carter, M. Nariman, K.-K. Yeung, W. Morton, M. Gonikberg, M. Seth, M. Forbes, J. Pattin,
L. Gutierrez, S. Ranganathan, L. Ning, E. Blecker, J. Lin, T. Kwan, R. Zhu, M. Chambers,
M. Rofougaran, A. Rofougaran, J. Trachewsky, and P. V. Rooyen, “A low-power single-
weight-combiner 802.11abg SoC in 0.13 pm CMOS for embedded applications utilizing
an area and power efficient Cartesian phase shifter and mixer circuit,” IEEE J. Solid-State
Circuits, vol. 43, no. 5, pp. 1101-1118, May 2008.

International Roadmap Committee. (2008) International technology roadmap for
semiconductors 2007 edition. [Online]. Available: http://www.itrs.net

H. Tsuchikawa, M. Takakuwa, and S. Sugatani, “Electron beam direct writing technology
combined with silicon shuttle service,” in 4th ISMI Symp. on Manufacturing Effectiveness,
Austin, TX, Oct. 2007.

G. Gonzalez, Microwave Transistor Amplifiers, 2nd ed. Upper Saddle River, NJ: Prentice
Hall, 1997.

T. H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits, 2nd ed. Cambridge:
Cambridge University Press, 2004.

H. T. Friis, “Noise figures of radio receivers,” Proc. IRE, vol. 32, no. 7, pp. 419-422, Jul.
1944.

B. Razavi, RF Microelectronics. Upper Saddle River, NJ: Prentice Hall PTR, 1998.






11

Chapter 2

Two-Stage CMOS LNA

2.1 Introduction

Cascode CMOS LNAs with inductive source degeneration [1-3] are widely used for narrowband
wireless receivers, such as GPS [4, 5], cellular phone [6—8], and WLAN receivers [9-11]. The
cascode LNAs have achieved both good input impedance matching (|.S;;| < —10 dB) and low
noise performance (N F' ~ 2.0 dB) with reasonable power consumption (~10 mW), due to many
design methodologies [1, 12—17] and advances in CMOS processes. However, the LNAs require
relatively high supply voltages (>1.0 V) to achieve both good noise and linearity performance.

In addition, the previous design methodologies pay much attention on noise optimization,
but little on its linearity. Modern wireless systems, in particular, cellular and WLAN systems
impose high linearity requirements on LNAs [18, 19]. Low-voltage circuit topologies and design
methodologies considering both noise and linearity are required.

This chapter proposes a two-stage CMOS LNA suitable for low-voltage operation and its
design methodology based on the analytical expressions of the gain, noise, and linearity. These
expressions are derived from the small-signal equivalent circuits of the LNA. The proposed de-
sign methodology is expanded from the previous my work [20], which is applied to the cascode
CMOS LNA. The 1.0 V two-stage LNA designed for 5 GHz WLAN applications is implemented
in a 0.15 pm fully-depleted silicon-on-insulator (FD-SOI) CMOS technology [21,22], and both
its performance and design methodology are verified.

This chapter is organized as follows. Section 2.2 overviews the conventional cascode CMOS
LNA with inductive source degeneration and describes its simple analytical expressions and lim-
itations. Section 2.3 presents the two-stage CMOS LNA and its small-signal equivalent circuit,
and then derives the analytical equations of the gain, noise, and linearity. Section 2.4 presents the
design methodology based on these equations. Section 2.5 shows the measurement results of the
fabricated LNA, and Section 2.6 concludes the chapter.



12 CHAPTER 2. TWO-STAGE CMOS LNA

2.2 Cascode LNA with Inductive Source Degeneration

Figure 2.1 shows the conventional cascode LNA with inductive source degeneration [1-3]. The
inductors L, and L, are connected to the gate and source terminals of the common-source tran-
sistor M7, providing input impedance matching at an operating frequency. The cascode transistor
M, reduces the Miller effect due to the gate-drain capacitance of M, improving the reverse isola-
tion performance of the LNA. The load inductor L, resonates with the load parasitic capacitance
C, providing a high impedance.

Figure 2.1: Schematic of the cascode LNA with inductive source degeneration.

2.2.1 Analytical Expressions

Analytical expressions of the input impedance, gain, noise, and linearity of the cascode LNA are
derived from the small-signal equivalent circuit shown in Fig. 2.2, where the resistors, 1/g,,2 and
Ry, represent M, and the signal source resistance, respectively.

Input Impedance

The source inductor L provides a resistive component for the LNA input impedance Z;,, and
the gate inductor L, adjusts the resonance frequency of Z;,, to the desired operating frequency.
The small-signal equivalent circuit shown in Fig. 2.2 gives the input impedance:

1

Zln:W1L3+]WL +L5+ b
T ( g ) ]w0981

2.1)
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Figure 2.2: Small-signal equivalent circuit of the cascode LNA.

where wp, = g1/ Cys1 1s the unity current gain frequency of M, and g,,1 and Cy, are the
transconductance and gate-source capacitance of M, respectively. Selecting L, such that Ly =
R, /wr, allows input impedance matching around the resonance frequency:

1

V(Ly + L)Cyar

(2.2)

Wy =

Gain

The voltage gain of the LNA is determined by the equivalent resistance of the load LC tank and
wry. The output current i,,;, given by ¢,,1v4s1 Where vy1 = v,/5Cys1 Zyp,, flows into the load
LC tank, and the voltage gain at wy is therefore given by

Vout iout RL L

Uin

A, =

_ ‘ 9Im1 RLL
ijOgslzin

gmlRLL _ RLL (WTl) , 2.3)

Vin wo C(gsl wT1 Ls Rs %)

where Rp, is the equivalent resistance of the load LC tank at the resonance frequency of wjy,
(= 1/4/LyC}p) and is approximated by [23]

272
~ wr Ly
RLL,S

Ry, = Q7,Rry s (2.4)

where (), and Ry, , are the quality factor and parasitic series resistance of Ly, respectively.
The resonance frequency of the load LC tank, w;y, is generally set to wy.
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5 ’|‘ L) L) L) I L) L) L) L) I L) L) L) L) I L) L) L) L) I L) L) L) L) I L) L) L) L)
-\ 0.15 ym FD-SOI CMOS

4 b f;=5.4 GHz, y=2.0, 6=4.0, L=0.15 um
I\ =

Y I,=1 mA

NF [dB]

1,78 mA

O-|||||||||||||||||||||||||||||-

0 50 100 150 200 250 300
W, [um]

Figure 2.3: Calculated NV F' versus W/ with I, as a parameter.

Noise

The LNA noise performance depends on the gate width of My, W, for a fixed current consump-
tion. The noise factor of the LNA is given by [1,15]

2
5
Fe14 —ZX g R (—wo > i 2.5)
1

M
wr, KGm1 s

5 sal
x=1-2clary [ — + =L, (2.6)
KY  KY

where @1 = ¢pn1/gq01 and gqo; is the zero-bias drain conductance of M; vy and ¢ are the drain
noise current factor (v = 2/3 in long-channel MOSFETs [24,25], but v > 2/3 in short-channel
MOSFETs [26]) and the induced gate noise current factor (0 = 2+ [27]), respectively, and c is the
correlation coefficient between these noise currents (¢ ~ 70.395 [24]); « is the Elmore constant
(k = 5 [27]). Equations (2.5) and (2.6) provide an optimum g,,; or W; for noise performance.
The calculated N F’ versus W, with the drain current /; as a parameter is shown in Fig. 2.3, where
0.15 pm FD-SOI CMOS process parameters are used. Increasing /; leads to a lower NI, and
the optimum gate width W, ,, is found for each /;. The gate width W, is generally set to W .
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Linearity

The cascode LNA consists of the common-source and cascode transistors, and hence the overall
11 P; of the LNA can be approximated as that of a cascade system, as shown in Section 1.2.2:

1 1 A%

1 ~aE T

LNA,IIP; 1,]IP;

) (2.7)
A%,HPg

where Ay ;7p, and A, r7p, represent the 17 P; of the common-source and cascode transistors in
the expression of the voltage amplitude, respectively; A,; represents the voltage gain of the
common-source transistor and is given by

1 wr
Ap = =) 2.8
! ngRs ( wo ) ( )

The I1P; of each transistor M; (z = 1,2) can be derived from the drain current equation,
given by [28]:

R

L = §M000xf¢ 1+0Voy 1 — AV

where V4, defined by V4 = Vs — Vip, 1s the overdrive voltage of M; and V}y,; is the threshold
voltage of M;; W, and L, are the gate width and length of M;, respectively; A is the channel-length
modulation coefficient; © = 119/ (2vsa: L) +0 and vy, is the saturation velocity of the carrier, 1
the carrier mobility under low electric field, and 6 the mobility reduction parameter. For a signal

small v;, () applied to the LNA, the output current of each transistor is expressed as [19]

(2.9)

co(cr + cvi())?

L) = =1,2), 2.10
aill) o + c30;(t) + Fegvi(t) (i ) 10
1
Cb=————(1=1), =1 (i =2), 2.11
=z (=D —1G=2) @1
1 W;

co =5H0Cos 7 (2.12)

c1 =Vodis (2.13)

2 =(1+OVoai) (1 — AVigai), (2.14)

C3 :(1 + @‘/odi>)\Avi —+ C;(l — )\‘/dsz)@, (215)

Cy :@AAM', (216)
where vy (t) = v;,,(t) and vo(t) = — A0, (). Substituting the Taylor expansion coefficients of

Eq. (2.10) such as oy and a3 into Eq. (1.12), we obtain

4

4
2
Ai,IIPg - g

c1c3(cres — 2ciey)
g A A _ 2 / .
(—cico + c103)[(—Chea + c1c3)c3 cheycacy]

51

as

2.17)

Substituting Egs. (2.8) and (2.17) into Eq. (2.7) gives the overall /1 P; of the cascode LNA.
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2.2.2 Limitations
Circuit Topology

The cascode LNA is not suitable for low-voltage operation, because it requires a supply voltage
of more than two drain-source saturation voltages (Vpp > 2Vpg ) to operate the cascode
transistor. No cascode transistor allows the LNA to operate at lower supply voltages, but causes
poor performance (i.e., a lower gain and higher N F') due to the Miller effect. An alternative
circuit to reduce the effect is required.

Small-Signal Equivalent Circuit

The small-signal equivalent circuit shown in Fig. 2.2 ignores the gate-drain capacitance of M,
Cya1 and input parasitic capacitance C), originating from a gate inductor, input pad, and electro-
static-discharge (ESD) devices. These capacitances cause the following effects on the LNA per-
formance:

o (C,q1 increases effective Cys1 and Ly (i.e., the Miller effect), having an impact on the input
impedance matching as well as the noise and gain performance [19].

e (), reduces Z,,, changing the input impedance matching condition [15,29].

The next section will present a low-voltage circuit topology with a small Miller effect and its
complete small-signal equivalent circuit including the above parasitic capacitances.

2.3 Two-Stage LNA with Inductive Source Degeneration

This section presents a two-stage LNA with inductive source degeneration and describes its
small-signal equivalent circuit and analytical expressions.

2.3.1 Circuit Topology

Figure 2.4 shows the two-stage LNA that consists of the common-source stage with inductive
source degeneration and the common-gate stage. The two internal LC tanks, L Cry and L5Chs,
provide high impedances at the resonance frequencies, and thereby the signal current amplified
by the common-source transistor M/, flows into the common-gate transistor M, which alleviates
the Miller effect of M. The common-gate stage converts the current to the output voltage using
the load LC tank L;C',. The DC-blocking capacitor C.. separates the DC voltages of two stages.
The required supply voltage of the two-stage LNA is only more than Vpg sq¢, so that the LNA
can operate at lower supply voltages than the cascode LNA.
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Common-gate:
stage ,

________________

Figure 2.4: Schematic of the two-stage LNA with inductive source degeneration.

2.3.2 Small-Signal Equivalent Circuit

The input parasitic capacitance C), varies the LNA input impedance. The input section of the
two-stage LNA is shown in Fig. 2.5(a). The input impedance looking into the right hand side of
reference plane 1 is given by

Rm(l — ngng) + j(woLg + Xm — ngngXm)
1— WOCpXin + ijCpRz’n ’

ARES (2.18)
where R;, and X, are the resistance and reactance of the input impedance looking into the right
hand side of reference plane 2, respectively. On the other hand, the equivalent source impedance
looking into the left hand side of reference plane 2, R., + jwoL.q, is given by

R,
B = L2 GTRE 1 (1 = G, L) (219
_ 272 2
bea = wgé%Rg%(gofzgc}:fg)f (220
Using the above impedances, we can derive the input impedance matching condition as
Z! = Ry (2.21)
or
Rey = Rin, (2.22)

woLeg = —Xin. (2.23)
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(b)

Figure 2.5: (a) Input section of the LNA and (b) the Thevenin’s equivalent circuit of the input
section.

The equivalent signal source voltage v, ., applied to reference plane 2 is also given by

Vs
Vseq = ; .
1 —wEC, L, + jwoCy R

(2.24)

From Thevenin’s theorem, the input section can be expressed as Fig. 2.5(b).

The gate-drain capacitance of M;, Cyq1, causes the Miller effect, varying the LNA input
impedance. Figure 2.6 shows the small-signal equivalent circuit of the common-source stage
including C4;. For more accurate analysis, the non-quasi-static (NQS) resistance 7,45 = 1/K¢m1
[19] is also included. Using Figure 2.6, we can derive the input impedance Z;, = R;, + 7 X, at
reference plan 2 as

T'ngs + wry Ls

Ry = ———, (2.25)
Qpr
1
Xip = M’ (2.26)
Qg
oy =1+ 9m1 n Y (1 — w?LsCyst + jwLsgma)
Y[/Oégdl + jwcgsl Y'I/Oégdl + jwcgsl
~ 1+ g (% +1—w?LyCye1 + ijsgml) , (2.27)
I
C
gy = ngi, (2.28)
gs
1
Y = — M2 2.29
T R + gm2 ( )

where Y] represents the input admittance of the common-gate stage at node 1. In Eq. (2.27),
JjwCys is ignored against Y7 /aq. The resistance R represents the parallel resistance of Ry,
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Rin+ /Xin: 2
!

R eqt /wOL eq|::|

Vs,eq@

Figure 2.6: Small-signal equivalent circuit of the common-source stage.

Figure 2.7: Small-signal equivalent circuit of the common-gate stage.

and Ry, (i.e., Ry, //RL,, ), Where Ry, (i =1, 2) is the equivalent resistance of the internal LC
tank, L;Cp;, at the resonance frequency of wy,, = 1/4/L;C}; and is approximated by Eq. (2.4).
The transconductance g,,,; of M; is given by a derivative of Eq. (2.9):

Oy 1 %‘/odi<2 + OV,4i) 1
TV 2N T OV 1 Ve

Imi (2.30)

Equations (2.27) and (2.29) show that decreasing ¢,,2 leads to a larger o, resulting in a lower
Zin.-

Figure. 2.7 shows the small-signal equivalent circuit of the common-gate stage. The Miller
effect due to C4» is negligible, because the gate terminal of M, is connected to the AC ground.

The NQS resistance of M, is also negligible. The resistance I?;, represents the equivalent resis-
tance of the load LC tank L (', and is given by Eq. (2.4).
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2.3.3 Analytical Expressions
The equivalent circuit presented in the previous subsection provides more precise analytical ex-
pressions of the LNA performance than the simple equivalent circuit shown in Section 2.2. The
analytical equations of the gain, noise, and linearity are derived in this subsection.
Gain
The output current 7,,,; flows into the output load R}, generating the output voltage:

Vout = _ioutRL- (231)

From Figs. 2.6 and 2.7, i,,, is given by

. 9Im1Us.eq RI
lout = X . 2.32
" 2R, - jwoanr Cyat <RI + 1/9m2) (2.32)

where input impedance matching is assumed (i.e., R., = R;, and wyL.; = —X;;,). The voltage
gain of the LNA is defined as the ratio of the output voltage to the input voltage at reference plane
1 (see Fig. 2.5(a)):

Vout Vout Vout
A, = =2 =2 : , 2.33
LNA in Vs Vs.eq(1 — w3CyLy + jwoCpRy) (2.33)
where Z! = R, is assumed. Substituting Egs. (2.31) and (2.32) into (2.33) gives
RL wr 1 R[ )
A, = 1 - , 2.34
A Rinang ( Wo ) ‘ 1 —wiCpLy + jwoCy Ry (RI + 1/ Gm2 (2-34)

which indicates that a large C), and small g,,,» lead to a decrease in A, ;n 4.

Noise

The noise of M, M>, Ry, and R, contribute to the overall LNA noise. The LNA noise factor can
be derived from the small-signal equivalent circuits shown in Figs. 2.6 and 2.7:

FLNA:1+FM1+FM2+FR[+FRL’ (235)
2
w a0
Fy, = 22Xy 1R, (—“) T (2.36)
aq WT1 "’ilgmlReq
2
Fap, = 4R g0, <ﬂ) J2X2m2 (2.37)
le (0%)
wWo 2 1
Fr =4R.,o%, [ — | —, 2.38
51 = ARu0 (w) = (238)

2 2
wo ) (1+1/gmaRr) (2.39)

Fr, = 4R, o> ,
RL an ( RLs’p

le
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where Fir, Far,, Fr,, and Fr, represent the noise contributions from M, Ms, Ry, and Ry,
respectively, and y; and y» are given by

2 51 04%61
X1 =1+ agn)” —2|clary | — (1 + aga) + , (2.40)
K171 K171

1+1/g,, 2 2 a2
X2 = ( o QRI) * (ﬂ) o (2.41)
14 gma R wr, ) K22

respectively. The detailed derivations are summarized in Appendix A.1. Equations (2.36)—(2.39)
indicate that increasing wp, leads to a lower NF' and a lower g,,» (higher o)) results in the
increase of I'y,, I'r,, and Fg, .

Linearity

The two-stage LNA consists of the common-source and common-gate stages, and hence the
overall /1 P; of the LNA can be derived in the same way as that of the cascode LNA:

1 1 A2,

=~ + v (2.42)

A%NA,HP;; A%,HPg Ag,mﬂg

1
, —//R 1
Ay = | 2| = g/ /Bl1 (wr, . . , (2.43)
Vin Ri,ay \ wo 1 —wiCpLgy + jwoCyp R,

4 c1c3(cie3 — 2cico)
e 4 2 i , 2.44
LIk g ‘ (—chca + cre3)[(—Clea + cr1c3) 3 — 2c5c1c9¢4) ( )

1

¢ = (i=1),-1 (i=2), (2.45)

i jWOOCMCgisin<1 — w%Lng =+ ijCpRs)

where A ;rp, and Aj jrp, represent the //P; of the common-source and common-gate stages
in the expression of the voltage amplitude, respectively; A,; represents the voltage gain of the
common-source stage and v; the voltage at node I as shown in Fig. 2.6; ¢y — ¢4 in Eq. (2.44) are
given by Egs. (2.12)—(2.16).

2.4 Design Methodology

This section describes a design methodology of the two-stage LNA that meets the typical specifi-
cations of LNAs for WLAN receivers [18], shown in Table 2.1. In this design, 0.15 ym FD-SOI
CMOS process and device parameters are used, and the current consumption and supply voltage
are set to 8.0 mA and 1.0 V, respectively. There are thirteen design variables: the bias currents
of the two transistors (/4 and I;), the overdrive voltages (V,4; and V,42), the gate widths and
lengths (W7 /Ly and W5/ L), gate and source inductances (Lg4 and L), internal inductances (L
and Lj,), and load inductance (L;). The gate lengths, L, and Ls, are set to the minimum gate
length in order to increase wrp;, resulting in a lower N F' [1]. Once [ and V,4; are determined,
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Table 2.1: Specifications of LNAs for WLAN receivers.

Frequency [GHz] 54

Si1 [dB] < —10
Voltage Gain [dB] >20
NF' [dB] <2.0

ITP; [dBm] > -5

W; can be calculated from Eq. (2.9). Consequently, we can reduce thirteen design variables to
nine ones such as Ig1, 142, Voar, Voaos Lg, Ls, L1, Lo, and L. In what follows, these nine design
variables are determined from the derived equations.

Bias Currents of M/; and M,

The gain specification determines the distribution of bias currents of M; and M, I and .
Equation (2.34) indicates that the voltage gain of the LNA mainly depends on wr, (ox I4;) and Ry,
(i.e., Q). The quality factors of on-chip inductors are determined by process technologies and
inductor structures ()1, ~ 8 at 5 GHz in this design). Therefore, 1, is selected to satisfy the gain
specification, and then /4, to the rest of the given bias current: Igo = I5pc. — I41. Figure 2.8 shows
the calculated voltage gain versus V,,; with 3 as a parameter. Note that g, is set to infinity in
Eq. (2.34). For comparison, simulations for /;; = 7.0 mA are also plotted in Fig. 2.8. This and
the following simulations of the LNA were carried out using the small-signal and noise FD-SOI
MOSFET models shown in [30] and Agilent Advanced Design System (ADS). Figure 2.8 shows
that the calculations are comparable to the simulations, and the given specification is satisfied in
the range of 4.0-8.0 mA. Taking account of process and temperature variations and the effect of
M, we select 14, to 7.0 mA for a voltage gain of 23 dB including a 3 dB margin, and then /; to
1.0 mA.

Overdrive Voltage of )

Increasing overdrive voltage of My, V.41, leads to a lower NF' and I1P;. Figure 2.9 shows
the calculated and simulated N[ and I1P;5 versus Vg4 for I;; = 7.0 mA. In the calculations
and simulations, M, was set to be noiseless, and g,,2 and Ag, 11p, to infinity in Egs. (2.37)-
(2.39) and (2.42), respectively. Besides, the noise parameters such as +;, ¢;, and «; based on
the experimental results [30] were used. Figure 2.9 shows that the calculations are comparable
to the simulations and the noise performance improves with increasing V,;;, while the linearity
deteriorates. The degradation of the linearity can be explained as follows: For input impedance
matching (7, = R;), the constant current i;, = v;,/ R injects into the LNA. In this case, the
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Figure 2.10: Calculated and simulated N F' and 1 P5 versus V4.

gate-source voltage of M is approximated by

Lin Uin

ijCgsl B jWOCgiss‘

(2.46)

Vgs1 ~

For a fixed /4, the gate width, i.e., the gate-source capacitance of M, Uy, decreases with in-
creasing V,41, which results in an increase of v, as shown in Eq. (2.46). Although the MOSFET
generally has higher linearity with increasing V,; (because [,; is proportional to V4 when V,4;
is large), the degradation of linearity due to the increase in vy, becomes significant in the range
of 0.20-0.50 V, causing poor linearity. Taking account of additional noise of the common-gate
stage, we set V,41 to 0.32 V, which results in W, =5x24 um (24 gate fingers, each with a unit of
5 pm width) and provides calculated NF' = 1.25dB and // P; = 3.8 dBm.

Overdrive Voltage of 1/,

Increasing the overdrive voltage of Mj, V,49, allows high linearity, but causing a higher N F'.
Figure 2.10 shows the calculated and simulated N F' and /1 P; versus V4 for I;; = 7.0 mA,
Vosr = 0.32 V, and I;; = 1.0 mA. Increasing V,4 results in better linearity but poor noise
performance. The reason for a higher N F is that increasing V4 leads to a decrease in g2
and increase in «, for a fixed I, which results in a larger F,, Fr,, and Fg,, as shown in
Egs. (2.37)—(2.39). Figure 2.10 also shows that the difference between the /7P calculations
and simulations increases at higher V,4: the calculated /7 P; becomes higher than the simulated
I11P; as V,4 increases. This difference originates form the simplification of /4 (Eq. (2.9)) and



2.5. EXPERIMENTAL RESULTS AND DISCUSSION 25

the /1 P53 approximation of two nonlinear stages in cascade (Eq. (2.42)). With a few simulations,
we can avoid to overestimate the achievable /7 P;. From Fig. 2.10, we can find V45 = 0.17 V, at
which the noise and linearity specifications are satisfied on both calculation and simulation. This
results in W5 = 50 pm and calculated N /' = 1.85dB and [/ P; = —4.1 dBm.

Inductors

The gate and source inductances, L, and L, are determined from the impedance matching condi-
tions. Substituting the determined design variables into Eqs. (2.22) and (2.23) gives L, ~ 3.3 nH
and Ly ~ 1.0 nH. The source inductor L, is implemented by a 2.5-turn square spiral inductor
with a diameter of 115 pum, a metal width of 8 ym, and a metal spacing of 2 um, while the
gate inductor L, by a bonding wire [29], which has a higher () than on-chip inductors [19, 31],
resulting in a smaller NV F.

The inductances in the LC tanks, L, Lo, and L;, are determined from the resonance fre-
quency, given by w = 1/v/LC. Substituting f = 5.4 GHz and C' = 300 fF into L = 1/w?C,
we obtain an L of 3.1 nH. For these inductors, 3.5-turn square spiral inductors with a diameter of
170 pm, a metal width of 8 ym, and a metal spacing of 2 yum are used.

Figure 2.11 shows the complete schematic of the designed two-stage LNA. For measure-
ments, a unity-gain common-source amplifier with a 50 ) output resistor is used as a buffer.
The 10 pF capacitor provides the AC ground for the gate terminal of M,. The bias voltages are
generated by current mirror circuits (not shown).

2.5 Experimental Results and Discussion

The designed two-stage LNA was fabricated in a 0.15 gm FD-SOI CMOS process with a high
resistivity substrate (~1 k{2-cm), metal-insulator-metal (MIM) capacitors, and five metal layers
including a 1.95-um thick metal layer. The cut-off frequency of a 0.15 ym NMOS consisting
of 48 gate fingers with a unit of 5 um width was approximately 54 GHz for V;; = 1 V and
I; =7 mA [21]. A micrograph of the fabricated LNA is shown in Fig. 2.12. The active chip area
excluding pads was 0.46 mm x 0.53 mm. The input and output pads were not ESD protected.
The stand-alone buffer and inductor for Ly, Ljs, and L; were also fabricated on the same chip.
The current consumption of the LNA and buffer were 8.3 mA and 5.8 mA from a 1.0 V supply
voltage, respectively. The S-parameters, NI and /1 P; of the LNA without L, were measured
using on-wafer RF probes. The above characteristics of the LNA with L, were calculated based
on the measurements [30]. This avoids instrumental error originating from a bonding wire L.

2.5.1 Inductor

The S-parameters of the fabricated 3.1 nH inductor were measured using an Agilent Technologies
HP8722ES network analyzer and then converted into Y-parameters. The inductance and quality
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Figure 2.11: Complete schematic of the designed two-stage LNA.

Figure 2.12: Micrograph of the fabricated LNA.
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factor, L and (), can be calculated from the Y-parameters and following equations [32]:

L =TIm {ﬂ} , (2.47)
w
Im [1/Y11]
=_— /-1 2.48
@= Re [1/Y1] (2.48)

Figures 2.13 and 2.14 show the measured L and () of the inductor, respectively. For comparison,
the L and () achieved using a three-dimensional (3-D) electromagnetic simulator (Ansoft HFSS)
are also shown in Figs. 2.13 and 2.14, respectively. The measured L was 3.2 nH and () was 8.0
at 5.4 GHz.

2.5.2 S-parameters

Figures 2.15 and 2.16 show the measured and simulated S-parameters of the LNA with an ideal
gate inductor of 3.3 nH. The S-parameters were measured using the same network analyzer as in
the inductor measurements. An S;; of less than —10 dB was achieved around 5.4 GHz, where a
maximum Sy; was 23 dB, which met the WLAN specification shown in Tab. 2.1. The agreements
between the measurements and simulations are due to the small-signal FD-SOI MOSFET mod-
els proposed in [30]. Figure 2.16 shows that S75 and Sy; are —46 dB and —9.9 dB at 5.4 GHz,
respectively. The discrepancy between the measured and simulated .S;» is attributed to measure-
ment limits. The measured Sy, of the stand-alone buffer (not shown) was —29 dB. The S, of the
stand-alone LNA was thus approximately —17 dB.

253 NF

Figure 2.17 shows the measured and simulated NF'. The NF' was measured using an Agi-
lent Technologies HP8970B noise figure meter and Maury automated tuner system. The LNA
achieved an N F' of 1.7 dB at 5.4 GHz, satisfying the noise specification. The measurements
agree well with the simulations, due to the noise models proposed in [30].

2.5.4 Linearity

Figures 2.18 and 2.19 show the measured output power of the fundamental tones and third-
order intermodulation (IM3) products for two tones (5.4 and 5.41 GHz), applied to the LNA
and stand-alone buffer. The two tones were generated by Agilent Technologies HP8671B and
E4438C signal generators, and the fundamental and IM3 tones were measured using an Agilent
Technologies E4448A spectrum analyzer. The measured /7 P; of the LNA with the buffer was
—18.0 dBm, while that of the stand-alone buffer was 4.8 dBm. The /1 P5 of the LNA without the
buffer can be calculated from the following equation:

1 1 A ina
~ _ CwLNA (2.49)

2
ALNA,IIPg ALNA+Buf,IIP3 ABuf,IIPg
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Figure 2.13: Measured and simulated L of the fabricated 3.1 nH inductor.
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Figure 2.14: Measured and simulated () of the fabricated 3.1 nH inductor.
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Figure 2.17: Measured and simulated /N F' of the LNA.
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Figure 2.19: Measured /[ P; of the stand-alone buffer.

where Av,LNA is the Voltage gain of the LNA and ALNA,]]Pg’ ABufJ[p?’, and ALNA+Buf,IIP3
represent the /7 P5 of the LNA, buffer, and LNA cascaded with the buffer in the expression of
voltage amplitude, respectively. Substituting I/ P; ;na4pur = —18.0dBm, [1P; g,y = 4.8 dBm
and A, ;x4 = 22.5 dB into Eq. (2.49) gives I/ P; ;y4 = —6.1 dBm.

2.5.5 Comparison

Table 2.2 shows a comparison of the LNA performance obtained from the measurements, sim-
ulations, and calculations. The simulated and calculated voltage gain and /N /' were consistent
with the measured results, which satisfied the specifications. The calculated /1 P; agreed well
with the simulated one, but these results were slightly different from the measured 77 P;. The dif-
ference can be attributed to inaccurate FD-SOI MOS device parameters used in the simulations

Table 2.2: Comparison of the LNA performance at 5.4 GHz.

| Gain [dB] | NF [dB] | /1P [dBm]

Specification 20 2.0 -5.0
Measurement 23 1.70 —6.1
Simulation 25 1.60 -3.0
Calculation 23 1.85 —4.1
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and calculations. Although the fabricated LNA did not meet the /7 P5 specification, its linearity
can be improved by increasing /; as shown in Section 2.4.

Table 2.3 shows a summary of the LNA and a comparison with previously reported 1.0 V,
5 GHz CMOS LNAs. The figure of merits for LNAs, F'oM; and F'oMs included in Table 2.3,
are defined as [36]:

1y Gain[lin]
FoMImW = W] - (N Fliin] = 1)° (2.50)
P,y — Goinlinl - ITPmW] - fy[GHz] 051)

Power[mW] - (N F[lin] — 1)

The proposed LNA obtained the best F'oM; among the other 1.0 V, 5 GHz CMOS LNAs. Al-
though the LNA reported in [34] achieved the lowest N F'" and best F'oMs, it adopted an input-
output differential topology and had difficulty in achieving input impedance matching.

2.6 Conclusion

This chapter has demonstrated a 1.0 V two-stage CMOS LNA and its design methodology based
on derived analytical expressions. The presented two-stage topology that consists of common-
source and common-gate stages is more suitable for low-voltage operation than a conventional
cascode topology. The analytical expressions show that a higher V4 results in a lower N F
and /7 P; while a higher V,;, leads to a higher NF' and /1 P;5. The proposed design methodol-
ogy based on the expressions allows us to efficiently design two-stage LNAs that satisfy target
specifications. The 1.0 V, 5.4 GHz LNA implemented with a 0.15 ym FD-SOI CMOS technol-
ogy achieved an N F' of 1.7 dB, voltage gain of 23 dB, and //P; of —6.1 dBm with a power
consumption of 8.3 mW. These measurements were consistent with the calculations obtained
from the derived expressions. This ensures the validity of the analytical expressions and design
methodology.
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Chapter 3
Transformer Folded-Cascode CMOS LNA

3.1 Introduction

Although the continuous scaling of CMOS technologies has improved the high-frequency perfor-
mance of MOSFETs, it has imposed two challenges on CMOS RFICs: low-voltage operation and
small chip area. The ITRS [1] predicts that the supply voltages of low-power digital circuits will
decrease to 0.5 V in the near future. Reference [2] shows that a 45 nm (state-of-the-art) CMOS
process costs approximately 10 times as much as a 0.13 pm (most widely used) CMOS process.
Considering the integration of RF circuits with digital circuits, we need to develop low-voltage
and small-area (low-cost) RF circuits.

Folded-cascode CMOS LNAs with inductive source degeneration [3,4] are the most promis-
ing candidates for low-voltage and small-area CMOS LNAs. Although a two-stage CMOS LNA,
presented in the previous chapter, achieves higher performance with lower power consumption
than the folded-cascode LNAs, it requires more inductors (i.e., five inductors). Other reported
low-voltage LNAs [5, 6] consume much larger chip area and less performance than the above
LNAs.

This chapter proposes a 0.5 V, 5 GHz transformer folded-cascode CMOS LNA [7], which
has a smaller chip area than the conventional folded-cascode LNA. The transformer consists of
the internal and load inductors and reduces the chip area of the LNA, while affecting the LNA
performance. This chapter is organized as follows. Section 3.2 describes the circuit topology
of the proposed LNA. The effects of the transformer on the LNA performance are analyzed in
Section 3.3. Section 3.4 describes the design of the LNA and transformer. Section 3.5 presents
the measurements of the LNA fabricated in a 90 nm digital CMOS process, and then Section 3.6
concludes the chapter.

3.2 Circuit Topology

Figure 3.1 shows a schematic of the proposed LNA, based on the conventional folded-cascode
LNA with inductive source degeneration. The PMOS transistor M, reduces the Miller effect of
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Figure 3.1: Schematic of the proposed LNA.

the gate-drain capacitance of the input transistor M7, improving the reverse isolation performance
of the LNA. It allows less inductors than the NMOS transistor in the two-stage LNA, although it
leads to less gain and a larger /N F' due to a larger parasitic capacitance at node I. The gate and
source inductors, L, and L, provide input impedance matching at an operating frequency [8].
The internal inductor L, resonating with the parasitic capacitance C7 at node I, provides a high
impedance, thereby the signal current amplified by M; flows into M;. The load inductor Lj,
also resonates with the parasitic capacitance C', resulting in a high impedance. These inductors,
Ly and Lj, are magnetically coupled to form a transformer in such a way as to have a positive
magnetic coupling with retaining the LNA performance.

The positive magnetic coupling of L; and L, is the most effective way to reduce the chip
area of the folded-cascode LNA. Increasing the magnetic coupling leads to a smaller L; and L,
(smaller chip area), as will be shown in the next section. On the contrary, the negative magnetic
coupling requires a larger L; and L, (larger chip area). The coupling of L, or Ly and L; or Ly,
is also not beneficial for the following reasons:

1. L, is often implemented with a bonding wire.
2. L, 1is usually small (< 1.0 nH) for input impedance matching.

3. The coupling makes the LNA unstable.

3.3 Effect of Magnetic Coupling

The magnetic coupling between L; and L, affects the LNA performance in terms of input impe-
dance, gain, and noise. In this section, the effects of the magnetic coupling are analyzed, and the
stability of the LNA is also discussed.
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3.3.1 Input Impedance

The magnetic coupling changes the frequency response of the LNA input impedance Z;,, through
the gate-drain capacitance of M;, C,q1. The small-signal equivalent circuit of the input stage,
shown in Fig. 3.2, yields Z;,,, given by

leLS + ]WLS + L

Zyn = jwly + LeCont (3.1)
Qpr
o —1 + 9m1 }/I (1 - WQLngsl + jWLsgrrﬂ)
M — . .
}/}/O‘gdl + jwcgsl }/}/O‘gdl + ]wcgsl
~1+ Agdl (% +1-— WQLngsl + jWLsgm1> s (32)
1

where wy, = g,,1/Cys1 is the unity current gain frequency of Mi; agyr = Cya1/Cysr is the
ratio between Cyq; and Ce; jwClys is ignored against Y;/aygq. The input admittance of the
common-gate stage, shown in Fig. 3.3, is given by

i 1 jw M gm2 — ]WCLMJUJ—M
Y} - Z_ = Gm2 +ijI + - - = e (‘i]\/f)l;_RI
(% ]WLI+RI JWLI+RI 1_w2LLCL_jWCL'j¢jLI+RI + jWRLOL

1 B nk (gma — jwunkCr)
ij[ + R[ 1— w2(1 — kz)LLCL —i—ijLCL’

R Gma + JwCr + (3.3)

where ¢,,2 1s the transconductance of My; R, ignored in the last term for simplicity, and R,
are the parasitic resistances of L; and L, respectively; M is the mutual inductance of the trans-
former, and k and n = /Ly /L; are the coupling factor and turn ratio, respectively. The fre-
quency responses of Y7 and 1/Y7 are described in Appendix B. The calculated real and imaginary
parts of ay; and Z;,, are shown in Figs. 3.4(a) and (b), respectively. Using Re[ary,] and Im[avy/],
we can approximate Z;,, as

wr1Ls-Re[ay] — —Ifjlé?;”f
Re[Z;,] ~ o , (3.4)
M|
wr1 Ls-Im[a] + —Tg‘”i]
Im[Zi,] ~ wL, a1 (3.5)

|2

where wL; is ignored against 1/wCy;. As shown in Fig. 3.4(a), Re[a)/] increases and Im[cvp/]
decreases at low frequencies, which results in an increase of Re[ Z;,,]. For alow £ (<0.6), Re[Z;,]
becomes a maximum around the frequency at which Im[a,,] becomes a minimum. Meanwhile,
Im[Z;,,] with k approaches zero faster than Im[Z;,,] without k£ (k = 0), due to the increase in
Re[ay,] at low frequencies.

The magnetic coupling shifts the input impedance matching region (|S1;| < —10 dB) toward
lower frequencies. Due to good reverse isolation of the folded-cascode topology (S15 ~ 0), the



40 CHAPTER 3. TRANSFORMER FOLDED-CASCODE CMOS LNA

Figure 3.3: Small-signal equivalent circuit of the common-gate stage.

Sp; of the LNA can be approximated as Eq. (1.1). For input impedance matching at wy, the
following conditions must be satisfied:

Re[Z;,] ~ R, (3.6)
Im[Z;,] ~ 0, (3.7)
Im[on] ~ 0, (38)
which give the following conditions:
wr1Ls
: ~ R, (3.9
Re[an (jwo,ay )]
1
wo & . : (3.10)
V/LgClysiRe[ons (jwo.ay)]
1
Wo,ap (3.11)

\/L[(C[ + nzkch) '
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respectively, where Re[a s (jwo o, )] is approximated as

Qgd19mi

—(1 R (3.12)

Re[aM(ijOéM)] ~ 1+ Qga1 +

Equations (3.9)—(3.12) show that wy and wy ,,, decrease and Re[a,,] increases as k increases.
Figure 3.4(c) shows the calculated S;; with k£ as a parameter. Input impedance matching is
achieved around wy, which decreases with increasing k.

3.3.2 Gain

The magnetic coupling reduces the peak frequency and magnitude of the LNA gain. The com-
mon-gate stage acts as a transimpedance, which converts the input signal current 7; to the output
voltage v, as shown in Fig. 3.3. The input current ¢; amplified by the first stage is derived from

Fig. 3.2:

. gml
s~ —— (3.13)
JwoCys1 Rs-Reap]

where input impedance matching is assumed (i.e., Z;, = R,) and v;,, represents the input voltage
of the LNA as shown in Fig. 3.2. The transimpedance from node I to the output is given by

Vout Vout U

Ip =—— = :
(2] Ui 1
_ nk+gme[Re +jw(l —k*)Lg] 1 Tl + Im2 Gt
1 —i—ijL[RL —i—jw(l — kZ)LL] Y; D ’ '
1 1
D=|jwC; 4+ —— iwC
(]w I+juJL1+R1) (jw L+jw(1 —k?Q)LL—I—RL)
. 1 —nk jun?k*Cy,
m C 5 - . 3.15
+ Gm2 (jw L+jw(1—k2)LL—I—RL) Jjw(l—k2) L, + Ry, ( )

Around w = 1/+/L;C; = 1/+/LCp, the first term in Eq. (3.15) is approximated by zero:

1 —nk 220
Dwgmz(y’wcﬁ. ” ) <" L (3.16)

]W(l—k2)LL 1—]€2)LL,

where R; and R, are ignored for simplicity. The magnitude of Z; becomes a maximum when
the first term in Eq. (3.16) equals zero. The voltage gain of the LNA and its peak frequency can
be therefore expressed as

127

Uin

ngZT
jWOCgsl Rs 'RC[O(M]

Vout

Ayina = : (3.17)

1
I (3.18)

b
[ 1—k2
1—nk LLCL
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respectively. Equations (3.17) and (3.18) show that the magnitude and peak frequency of the
voltage gain decrease with increasing k. Figure 3.5 shows the calculated A, ;y4 with k as a
parameter. The increase of k shifts the gain peak toward a lower frequency and reduces the gain
magnitude. The peak frequency in Fig. 3.5 corresponds well to that calculated from Eq. (3.18).

The LNA with the magnetic coupling sacrifices a maximum voltage gain to achieve the target
peak frequency, wy, ;. Equation (3.18) gives the following condition:

1
L I wﬁ,t(l T k:)C'L (for n ) (3.19)

A turns ratio of one provides the smallest chip area of the transformer, because L; and L; si-
multaneously decrease with increasing k. Equation (3.19) shows that a smaller L; and L; are
required to achieve w,,, as k increases. Reducing L; and Ly, leads to a smaller chip area, but to a
decrease in the parallel impedances of the internal and load LC tanks at the resonance frequencies
(Z, = (woLr, L)2 /Ry 1), causing a lower voltage gain. Figure 3.6 shows the calculated A, ;n4
for f,+ = 5.0 GHz where L, and L; satisfy Eq. (3.19). A peak frequency of approximately 5.0
GHz can be achieved even for a large k£, while the maximum gain decreases with increasing k
(A,.1na o< (1 + k)72). However, a small coupling factor such as 0.2 is acceptable for the LNA,
due to a small gain reduction of 3 dB.

3.3.3 Noise

The transformer reduces the output noise originating from the common-gate transistor and the
parasitic resistance of Lj, thereby improving the noise performance. Figure 3.7 conceptually
illustrates how the transformer reduces the drain noise current of M5, represented by 7,,42. The
primary (internal) inductor L; detects 7,42, and then induces a noise voltage to the secondary
(load) inductor L;. The induced noise voltage is correlated and anti-phase to the output noise
voltage produced by 7,40 flowing through L, reducing the output noise caused by M,. The other
output noise originating from L is also reduced by the transformer in the same way.

The magnetic coupling affects the noise contributions from M5, Ly, and Ly, to the LNA (F)y,,
Fr,,, and I, , respectively), but not that from M; (£},). The LNA noise factor is given by

F=1+4Fy, +Fy, + Fr, + F1,,, (3.20)
2
)
Fay @ X R (2] ¢ 0 (3.21)
o wn K19m1 Rs
51 (510&%
1 -2 1 , 3.22
x1 = (1+ aga) ||y 5171( + aga1) + e, ( )
Yo+ 2
- N }/[ 2 Yo P wo 2 9 (1 — k) (1 —J Owoé£CI> 323
Ma Yy +Y; a_29m2 s wr, |O‘M| L +jgm2(1_k) > (3.23)
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where «; = gpni/gaoi and gqo; is the zero bias drain conductance of M; (i = 1,2); 7; and ¢; are
the drain noise current factor and the induced gate noise current factor, respectively, and c is the
correlation coefficient between these noise currents (~ 50.395 [9]); ; is the Elmore constant
(=5[10]); L; = L, =1/ w%(l + k)C; Y, represents the output admittance of the input stage at
node I and is approximated as jwCya1; Yy, 0, = jwCr+1/(jwL;+ R;). The detailed derivations
are summarized in Appendix A.2. Equations (3.21)—(3.25) show that F}, is independent of %
while Fy,, Fr,, and Fp, are functions of k. Figure 3.8 shows the calculated F},, F,, and
Fy, versus k. As Eq. (3.23) shows, [}y, approaches zero with increasing k. Meanwhile, F7,
increases and F7,, slightly decreases. This difference originates from the different numerators in
Egs. (3.24) and (3.25), i.e., —k (Yo + jwoCr) and Yy + Y7, ¢,

The noise improvement by the transformer is limited in the folded-cascode topology. The
calculated noise figure (/N F, defined by 10log F') versus k are shown in Fig. 3.9, where 90 nm
CMOS process parameters are used. The N F’ simulated using Agilent Advanced Design System
(ADS) are also plotted. Figure 3.9 shows that the calculated N F’ is comparable to the simulated
N F, and the magnetic coupling reduces the N F' by up to 0.08 dB (calculated) or 0.12 dB (sim-
ulated) for g,,», = 15 mS. The amount of noise reduction is relatively small, because the noise
of M, is the dominant noise source in the LNA (F};, =~ 1.20 and 1.05 in the calculations and
simulations, respectively).
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3.3.4 Stability

A small L; or large C', ensures the stability of the LNA. The proposed LNA becomes potentially
unstable, because the transformer provides a positive feedback from the output to node I, as
shown in Fig. 3.1. For stability, the LNA must satisfy the following condition [11]:

Re[Zin] > 0. (3.26)

For k£ = 1 and low frequencies (the worst case), Re[Z;,,] is approximated as (Eq. (3.1) for Y; =
1/jwLy)
_wri[Ls(1 + aga1) — Lroga]

Re|Z;,| = . (3.27)
= U g+ P a2,
Substituting Eq. (3.27) in Eq. (3.26), we have
1
Ly < L, (1 + > , (3.28)
gd1

which shows that a smaller L; ensures the stability. Using Eq. (3.19), we can rewrite the above

condition as
1

22, Ly (1+51)

Qgdl

Cp > (3.29)

For example, C7, > 160 fF is calculated from f,; = 5 GHz, Ly = 0.6 nH, and o4 = 0.2. This
capacitance value can be satisfied with the parasitic capacitances of L; and the input capacitance
of the following stage.

3.4 Design

3.4.1 Transistors

The input transistor M; is designed to achieve a minimum N F' at 5 GHz with a bias current [/
of 1.0 mA at a supply voltage of 0.5 V. Equations (3.21) and (3.22) provide an optimum (for
noise performance) gate width for M/, of 4 x 40 pum (40 gate fingers, each with a unit of 4 ym
width) and a minimum gate length of 100 nm. Although the calculated minimum N F' is 3.6 dB
for 151 =1.0 mA, increasing /4 leads to a lower N F' (i.e., 2.2 dB for /;; =2.0 mA).

The size of the common-gate transistor M/, is selected as a compromise between noise and
linearity performance. For a fixed bias current of 1.0 mA, a small gate width of M, provides
high linearity as shown in Chapter 2, but leads to a lower g,,2, which results in the increase of
Far,, Fr,, and Fp, as shown in Egs. (3.23)—(3.25). Figure 3.9 shows less NI degradation for
Jmo > 15 mS than for g,,» < 15 mS at a low k. Thus, g,,2 is selected to be approximately 15 mS,
which results in a gate width of 4 x 40 pm and gate length of 100 nm.
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3.4.2 Transformer and Inductor

A partially-coupled transformer, shown in Fig. 3.10(a), allows us to simultaneously achieve a
small chip area (0.314 x 0.200 mm?) and reduce the magnetic coupling (k ~ 0.1). On the other
hand, a stacked transformer, shown in Fig. 3.10(b), provides a smaller chip area (0.210 x 0.200
mm?), thereby reducing the cost. However, a large & of the stacked transformer (k ~ 0.9) leads to
poor gain, and does not significantly reduce the NV F' of the LNA, as shown in Section 3.3.3. Fig-
ure 3.11 shows the ADS simulated voltage gain and /N F' of the LNAs employing the transformers
shown in Figs. 3.10(a) and (b). The transformers were designed using a three-dimensional (3-D)
electromagnetic simulator (Ansoft HFSS), and L, and L, in both the LNAs were adjusted to
achieve an S;; of less than —10 dB at 5 GHz. The LNA with the stacked transformer had 13 dB
lower gain than the LNA with the partially-coupled transformer at 5 GHz. This leads to an in-
crease in the overall N F’ of the receiver. A larger k also leads to an increase in the voltage swing
at node I (Fig. 3.1), causing poor reverse isolation. Simulations (not shown) showed degradation
of approximately 10 dB in the reverse isolation performance (5;3) of the LNA with the stacked
transformer.

The inductances of the transformer are selected to resonate at a frequency of approximately
5 GHz. The outer diameter of each inductor is 200 pm, the metal width 7 pm, and the metal
spacing 2 um. Electromagnetic simulations resulted in L; = L; = 3.6 nH and quality factors
(Q) of 6.7 at 5 GHz.

The inductances of L and L, are determined by the input impedance matching conditions,
derived from Egs. (3.6)—(3.8): Ly ~ 0.8 nH and L, ~ 4.3 nH. The outer diameter of L, is
200 pm, the metal width 5 pm, and metal spacing 2 pum. The simulated () of L, was 7.5 at
5 GHz.

3.5 Experimental Results and Discussion

The designed LNA with the partially-coupled transformer shown in Fig. 3.12 was fabricated in a
90 nm digital CMOS process with seven metal layers including a 1.9-pm thick metal layer and
without metal-insulator-metal (MIM) capacitors. For comparison, a conventional folded-cascode
LNA with the same device sizes except the magnetic coupling as in Fig. 3.12 was also fabricated
on the same chip. A micrograph of the fabricated LNAs is shown in Fig. 3.13. The active
chip areas (without the pads) of the proposed and conventional LNAs were 0.39x0.55 mm? and
0.52x0.55 mm?, respectively. The input and output pads were not electrostatic-discharge (ESD)
protected. Metal fills consisting of metal 1-6 layers were placed both inside and outside the
fabricated transformer and inductors to meet metal density rules in the CMOS process. They
were 1.5 pym by 1.5 pum squares with a spacing of 0.2 ym. For the measurements, a unity-gain
common-source amplifier with a 50 §2 output resistor was used as a buffer, shown in Fig. 3.12.
The S-parameters, noise, and linearity of the LNAs were measured using on-wafer RF probes.
The power consumption of each LNA and the buffer were 1.0 mW and 1.8 mW at a supply
voltage of 0.5 V, respectively.
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Figure 3.10: Layout of (a) a partially-coupled transformer and (b) a stacked transformer.
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Figure 3.11: Simulated voltage gain and N F' of LNAs employing the partially-coupled trans-
former (solid line) and stacked transformer (dashed line).
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Figure 3.12: Complete schematic of the designed transformer folded-cascode LNA.

Figure 3.13: Micrograph of the proposed LNA (left) and conventional folded-cascode LNA
(right).
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3.5.1 S-parameters

Figures 3.14 and 3.15 show the measured and simulated S1; and Sy; of the fabricated LNAs, re-
spectively. The S-parameters were measured using an Agilent Technologies HP8722ES network
analyzer. The proposed LNA obtained an S;; of less than —10 dB around 5 GHz and a maximum
So1 of 16.8 dB at 4.7 GHz. The magnetic coupling in the proposed LNA had a small impact on
the S1; performance, while the measured peak of Sy; was shifted to a lower frequency than the
simulated one, due to the increased magnetic coupling of the fabricated transformer (k ~ 0.2).
This frequency shift can be reduced by using a smaller L; and L, (3.4 nH).

The discrepancy between the measured and simulated Sy, is mainly attributed to insufficient
accuracy in the simulation of the inductors used. The HFSS simulation models of the transformer
and inductors included no metal fills to solve convergence problems and reduce the memory
requirement. The metal fills decrease the quality factors of the transformer and inductor [12—14],
which results in a lower gain.

Figures 3.16 and 3.17 show the measured and simulated S5 and S5, of the LNAs with the
buffers, respectively. The propose LNA with the buffer achieved an S;5 of —47 dB at 5.0 GHz,
while the stand-alone buffer obtained an S, of —30 dB at 5.0 GHz (not shown). Thus, the S,
of the proposed LNA without the buffer was approximately —17 dB. Figure 3.16 also shows that
the inductor coupling deteriorates the reverse isolation by a factor of 12 dB at 5 GHz, compared
to the conventional LNA. This deterioration is not problematic, because the proposed LNA still
has good isolation, due to the folded-cascode topology. Both the LNAs achieved an S5 of less
than —10 dB around 5.0 GHz as shown in Fig. 3.17.

3.5.2 NF

Figure 3.18 shows the measured and simulated N F' of the LNAs. The N F' was measured using
an Agilent Technologies HP8970B noise figure meter. The proposed LNA obtained a minimum
NI of 3.9 dB at 4.7 GHz, while the conventional LNA achieved a minimum N F' of 4.1 dB at
the same frequency. The difference between the measured minimum N F' can be attributed to
more input-referred noise of the buffer in the conventional LNA than that in the proposed LNA.
The LNAs had different values of Sy, at 4.7 GHz, resulting in different input-referred noise of
the buffer.

3.5.3 Linearity

Figure 3.19 shows the measured output power of the fundamental tone and third-order intermod-
ulation (IM3) products for two tones (4.999 GHz and 5.000 GHz), applied to the LNA. The two
tones were generated by Agilent Technologies HP8671B and E4438C signal generators, and the
fundamental and IM3 tones were measured using an Agilent Technologies E4448A spectrum an-
alyzer. The measured /I P; of the proposed LNA with the buffer was —18.5 dBm, and that of the
stand-alone buffer was —0.25 dBm (not shown). The 11 P of the LNA without the buffer can be
calculated from Eq. (2.49). Substituting I/ P; ;nay+pur = —18.5 dBm, I1P; g,y = —0.25 dBm
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Figure 3.14: Measured and simulated S7; of the LNAs.

o
o

30 N L) L) L) L) I L) L) L) L) I L) L) L) L) I L) L) L) L) i
25 -
20 | -
15 -
[. OOoOooo l.....ooooooo ]
[ ,00° Ll 02
[ ]

10 f,00° m  Measured S,, (Proposed) "]
X O Measured S,, (Conventional) ]
S N — Simulated S, (Proposed) 7]
[ - - - - Simulated S,,, (Conventional) ]
0 [ 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]

4.0 4.5 5.0 5.5

Frequency [GHZ]

Figure 3.15: Measured and simulated S5; of the LNAs.

o
o



3.5. EXPERIMENTAL RESULTS AND DISCUSSION

53

S, , [dB]

S,, [dB]

'20 K T T T T T T T T T T T T T T T T T T T i
X ®  Measured S,, (Proposed) ]
-30 | O Measured S, (Conventional)
X —— Simulated S, (Proposed) ]
-40 | - - - - Simulated S, (Conventional) -
-50 :- ..l-.Il..l......................I.l.l-':l
" ]
[ "‘-SSQQOOOOOOOOOOE
60 [ -~ ]
70 b—G5s o © -
>~ °o o ]
L o) 000 B
_80 [©, 1 L P 1 1 1 1 1 1 1 1 1 1 1 1 L
4.0 4.5 5.0 5.5 6.0
Frequency [GHZz]
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and A, ;x4 = 15.8 dB (at 5.0 GHz) into Eq. (2.49) gives I/ P; ;y4 = —14.8 dBm. The 11 P; of
the conventional LNA was also —14.8 dBm.

3.5.4 Comparison

Table 3.1 shows a summary of the LNA performance and a comparison with previously reported
low-voltage (~0.6 V) CMOS LNAs for 5 GHz applications. The proposed LNA achieved per-
formance comparable to the conventional folded-cascode LNA, while consuming three fourths
of the chip area of the conventional LNA. The figure of merits for the LNAs, F'oM; and FoMs,
included in Table 3.1, are defined by Eqgs. (2.50) and (2.51), respectively. The proposed LNA
obtained the best FoM; (4.8 mW ') with the smallest chip area among the reported low-voltage
CMOS LNAs, whereas it achieved a lower F'olM, than that of the LNA reported in [3], due to a
lower 11 Ps.

3.6 Conclusion

This chapter has demonstrated a transformer folded-cascode CMOS LNA, in which the internal
and load inductors have been magnetically coupled to reduce the chip area. Circuit analysis
showed that the magnetic coupling between these inductors decreases the resonance frequency
of the input matching network, the peak frequency and magnitude of the gain, and the noise
figure. The partially-coupled transformer reduced the chip area, while having a small impact
on the LNA performance. The LNA implemented with a 90 nm CMOS technology occupied
0.21 mm? and achieved an S;; of —14 dB, NF of 3.9 dB, and voltage gain of 16.8 dB at 4.7 GHz
with a power consumption of 1.0 mW from a 0.5 V supply. The chip size of the proposed LNA
was 25% smaller than that of the conventional folded-cascode LNA. It has been demonstrated
that the proposed LNA can replace conventional low-voltage CMOS LNAs.
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Chapter 4

Transformer Noise-Canceling UWB CMOS
LNA

4.1 Introduction

The ultra-wideband (UWB) technology has attracted much interest in recent years, because of
its ability to realize high-speed wireless personal area networks (WPANSs), in which electronic
devices are required to transfer large amounts of data, such as audio or video files, at a high
data transfer rate. UWB frequency bands assigned from 3.1 to 10.6 GHz (Fig. 4.1) are utilized
by two different communication systems: multiband orthogonal frequency division multiplexing
(MB-OFDM) UWB [1] or single-carrier direct sequence (DS) UWB [2]. The MB-OFDM UWB
system using 14 sub-bands, each with a bandwidth of 528 MHz, transmits signals modulated
by OFDM in the subband. The data rate is up to 480 Mbps. The DS-UWB system spreads
the spectrum over the low band (3.1-4.85 GHz) or high band (6.2-9.7 GHz), and provides a
maximum data rate of 1320 Mbps. In either case, wideband low-noise amplifiers (LNAs) are
essential for the RF front-ends of UWB receivers.
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Figure 4.1: UWB frequency bands
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The UWB LNA must meet several stringent requirements: input impedance matching, low
noise performance, and sufficient gain across 3.1-10.6 GHz at low power consumption, low
supply voltage, and low cost (i.e., small area and requiring no additional layers). In addition,
it is desirable to implement the LNA with digital CMOS technologies for the integration of RF
front-ends and digital circuits. Although several wideband CMOS LNAs have been proposed
in recent years, none of them have simultaneously met all these requirements. An LNA with
wideband LC matching networks [3] consumes a large chip area. Although resistive-feedback
LNAs [4-6] and common-drain feedback LNAs [7, 8] occupy small chip areas, they require
high power consumption and high supply voltages to simultaneously achieve wideband input
impedance matching and low noise performance. A reactive-feedback LNA [9, 10] demands
two thick metal layers to form a transformer that provides a reactive feedback. Noise-canceling
LNAs [11-14] require additional circuits and power consumption. Distributed LNAs [15, 16]
consume much higher power and larger areas than other LNAs.

This chapter proposes a transformer noise-canceling common-gate LNA employing an output
series inductor [17]. The proposed LNA is suitable for low-power and low-voltage operation, and
achieves |S11| < —10dB, NF' < 4.4 dB, and |S2;| > 9.3 dB across 3.1-10.6 GHz. This chap-
ter is organized as follows. Section 4.2 describes previously proposed wideband CMOS LNAs
and their drawbacks. Section 4.3 shows the proposed circuit topology and the noise cancellation
mechanisms. The noise, input admittance, gain, stability, and group delay of the proposed LNA
are analyzed in Section 4.4. Section 4.5 describes the design methodology for the LNA. Sec-
tion 4.6 shows the measurements of the LNA implemented in a 90 nm digital CMOS process,
and Section 4.7 concludes the chapter.

4.2 Wideband CMOS LNAs

Wideband CMOS LNAs can be generally categorized into two types: common-source (CS)
LNAs, and common-gate (CG) LNAs. LC matching networks or feedback techniques allow
the CS LNAs to achieve wideband input bandwidth. Feedback techniques applied to CS LNAs
can be divided into three categories: resistive feedback, reactive feedback, and common-drain
feedback. A gm-boosting or noise-canceling technique is employed to CG LNAs for noise re-
duction.

4.2.1 Common-Source LNAs
Input Matching Network

Input LC matching networks based on Chebyshev or Butterworth configurations are used for
CS LNAs to achieve wideband impedance matching [3]. However, they require several high-Q
inductors: four inductors in an LNA employing the input matching network based on the fifth-
order Chebyshev filter [3]. The use of many inductors increases the chip area and the parasitic
resistances and capacitances, causing noise and gain degradation at high frequencies.
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Resistive Feedback

Resistive-feedback LNAs require high power consumption and high supply voltages to simulta-
neously achieve wideband impedance matching and a low N F'. Figure 4.2(a) shows the basic
topology of the LNA, whose input impedance is expressed as

1+A 4.1)

where C,, is the input parasitic capacitance, I?; the feedback resistance, and A, the voltage gain
of the LNA. Increasing R; reduces the NF' of the LNA [4], but A, must also be increased
accordingly to obtain the desired input impedance (50 €2) as shown in Eq. (4.1). This requires
high current consumption and a large load resistor and transistor, which results in a reduction
of the input bandwidth. Even with a state-of-the-art CMOS technology, the resistive-feedback
LNA [5] demanded 12 mW from a 1.8-V supply to achieve N F' < 2.6 dB; the input bandwidth
was limited to less than 5.0 GHz.

Common-Drain Feedback

A common-drain (CD) stage shown in Fig. 4.2(b) detects the output voltage and feeds part of the
voltage back to the input, thereby producing a resistive component for the input impedance:

1
gm3<1 + gmlRL)

Lin & 4.2)
where ¢,,3 s the transconductance of the CD transistor M3, and R, is the load resistance. How-
ever, the extra CD and current source transistors increase the noise and input parasitic capac-
itance. Hence, the topology also has difficulties in achieving wideband impedance matching

and low noise performance at simultaneously low power consumption (|S1;| < —10 dB and
NF < 4.3 dB in the frequency range of 0—6 GHz at 3.4 mW [7]).

Reactive Feedback

The input stage of the reactive-feedback LNA [9, 10] is shown in Fig. 4.2(c). The transformer
connected to the gate and source of M detects the source current, returning part of it to the gate.
Although this topology provides |S1;| < —10 dB and NF' < 3 dB across 3.1-10.6 GHz [9, 10],
it requires a transformer with very low parasitic resistances. The input impedance of the LNA is
given by [10]

1

1
Lin R ———— it —, 43
(1+ﬁ)ﬁ(rp +gml> *3)

where [ is the feedback factor and equals k/n, and k and n are the magnetic coupling factor
and the turns ratio of the transformer, respectively; r,,; is the parasitic resistance of the primary
inductor L,; g1 is the transconductance of M;. For # = 0.19 [10] and g¢,,,; = 50 mS, the
upper limit on 7,,; for S;; < —10 dB is calculated as 1.7 €. It is difficult to implement such
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(d) Common-gate LNA (e) Gm-boosting common-gate LNA  (f) Noise-canceling LNA

Figure 4.2: Wideband CMOS LNAs.

a primary inductor using a lower thin metal layer'. Increasing 3 and g,, alleviates the above
limitation but leads to an increase in N F' [10] and high power consumption, respectively. In fact,
the transformer in [9, 10] consisted of two thick metal layers (3—4 pm). An additional thick metal
layer increases the fabricating cost.

4.2.2 Common-Gate LNAs

The CG LNA (Fig. 4.2(d)) is suitable for wideband and low-voltage operation, because it has
a low quality factor of the input network and does not require a cascode transistor to alleviate

'The secondary inductor, stacked on the primary one, must be implemented with a top thick metal layer for low
noise performance [10].
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the Miller effect from the CG transistor M, [18]. The main drawback of the LNA is poor noise
performance. The noise factor is given by

4R
Ry’

Falty+ (4.4)

where R is the input signal source resistance. The coefficient of the channel thermal noise in
the MOSFET, +, equals 2/3 in long-channel MOSFETS, but exceeds this value in short-channel
MOSFETs [19-21]. For v = 2, Ry, = 200 €2, and R, = 50 €2, the N F' is calculated as approxi-
mately 6.0 dB, which is unacceptable for wideband LNAs.

Gm-Boosting Technique

A gm-boosting technique [18] reduces the noise factor contributed from M by a factor of (1+A):

v 4R,
Fe~1l4-——r )
+1—+—A+ Ry,

(4.5)

where A, shown in Fig. 4.2(e), is an inverting gain and assumed to be noiseless. An additional
circuit providing A is required for practical use of the technique. A differential capacitor cross-
coupling topology [22,23] provides A ~ 1 (NF ~ 4.8 dB), but requires an external wideband
balun. A transformer-coupled topology [24], which provides A > 1, is not suitable for wideband
operation, due to a larger effective C,,, which becomes more than four times as large as that of
the CG LNA.

Noise-Canceling Technique

A noise-canceling technique based on [25] has also been applied to the CG LNA for noise reduc-
tion [11-13]. This technique cancels the noise of the CG transistor using an additional CS one
(Fig. 4.2(f)). However, the noise of the CS transistor is not canceled, and hence the NV F' of this
LNA is less than or comparable to that of the CG LNA, even with higher power consumption and
a larger chip area.

4.3 Transformer Noise-Canceling LNA

This section presents the circuit topology of the transformer noise-canceling LNA and the noise
cancellation mechanisms.

4.3.1 Circuit Topology

Figure 4.3 shows a schematic of the proposed LNA, based on a CG LNA with a shunt-peaking
inductor. The main difference between the proposed LNA and the CG LNA is that the input and
shunt-peaking inductors, L, and L, are magnetically coupled to form a transformer. A similar
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Figure 4.3: Schematic of the proposed LNA.

topology has been reported for narrowband applications [26]. The transformer reduces the noise
of M, and the load resistor R, thereby improving the noise performance without additional
circuits or increased power consumption. The transformer also provides a positive feedback,
whose mechanism is as follows: An output current generated by a signal voltage flows through
L, which induces a voltage that is in phase with the signal voltage to L,. The output series
inductor L; forms a 7 network with the parasitic capacitances, C; and (', extending not only the
gain bandwidth, but also the input bandwidth. The chip area of the proposed LNA is the same
as that of the CG LNA with the shunt-peaking inductor, because L,, can be stacked on Ly, i.e., a
stacked transformer, which occupies the area of one inductor.

4.3.2 Noise Cancellation

The transformer partly cancels the output noise originating from the CG transistor M; and load
resistor Ry, thereby improving the LNA noise performance. The small-signal circuit of the
proposed LNA are shown in Fig. 4.4, where the voltage supply terminal (Vpp) is connected to the
AC ground; the noise of the signal source resistance R, M1, and R are represented by the noise
current SOUrces %,s, 4,4, and noise voltage source v, g, , respectively; M, given by ky/L,Ls, is
the mutual inductance of the transformer and £ the magnetic coupling factor; C, represents the
sum of the gate-source capacitance of M; and the parasitic capacitances of the input pad and
L,; Zy, is the load impedance considering the right hand side of output node A. The mechanisms
for the noise cancellation are conceptually illustrated in Figs. 4.5(a) and (b). The transformer
detects noise currents flowing through the primary (or secondary) inductor L,, inducing voltages
correlated with the currents to the secondary (or primary) inductor L.
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Figure 4.4: Small-signal equivalent circuit with noise sources.

Transistor Noise Cancellation

The output noise voltage generated by i,,4 is partly canceled by the induced noise voltage origi-
nating from 4,4 flowing through L, as shown in Fig. 4.5(a). The noise current i, first flowing
through L, and R, generates a noise voltage v,; = —i,q(R; + sL), and then a noise vol-
tage v),; = —inq - sM is induced to L,. Next, 4,4 flows through L,, producing a noise vol-
tage v,2 = inq- SL,, which is canceled by v;,. Here, the transformer induces a noise voltage
Uy = ing - SM to Ls. The induced noise voltage v}, is correlated and in antiphase with v,,; and
hence the total output noise voltage is reduced: —i,q(Ry + sLs — sM). The expression of the
output noise voltage (at node A) including the effect of Z, can be derived from Fig. 4.4:

n’k* —nk + (Ri + sCp + %) (Rp + s(1 —k*)Ly)
- - , (4.6)

Vout,ing — _ZL
(R% + Y1N> (ZL+ Ry +s(1 — k?)Ly)

where n = \/L;/L, is the turn ratio of the transformer; Y;n = i;,/v;,, described in the next
section, is the input admittance of the LNA, and 7;, and v;,, are the input current and voltage,
respectively, as shown in Fig. 4.4. The term of s(1 — k?)L, in the numerator of Eq. (4.6) shows
that the transistor noise is partly canceled by the transformer.

Load Resistor Noise Cancellation

The CG transistor M, drains a part of the output noise current originating from v, g, , reducing
the output noise voltage, as shown in Fig. 4.5(b). The noise current due to v, r, , which is given by
Unr, /(sLs + Ry + Z1), first flows through L, and then the transformer induces a noise voltage
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\:/ . noise current \/\]\/\ . noise voltage

\I\I\/\ © induced noise voltage

Figure 4.5: Mechanisms for noise cancellation of (a) 7,4 and (b) v,g, .

Unr, = —SMuvug, [(sLs + Ry + Zp) to L,. The transistor M detects a gate-source voltage
Vgs = Vpp, [SLyp(1/Rs + gm +sCp + 1 /sL,), and drains noise current of g,,,v,s accordingly. This
results in a reduction of the output noise current originating from v,,z, . Considering the noise
current due to M, we can obtain the output noise current flowing 7 :

(R% + (1 — nk)gm + sC, + ﬁ) Ung,,

(RLS + YIN) (Zp + Ry +s(1 — k2)L,)

, 4.7)

Zout,vnRL =

and the output noise voltage (at node A), Voyt 4, Ry is given by Z oyt 0, .y The term —nkg,, in
Eq. (4.7) originates from the noise cancellation.
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Verification

The effectiveness of the transformer noise cancellation is verified through simulation. Figure 4.6
shows the simulated N F' and N F};;, of the proposed LNAs with and without the noise cancel-
lation (i.e., £ = 0, 1.0), where 90 nm CMOS process parameters are used and R, represents the
parasitic resistance of L,. The LNA with £ = 0 corresponds to a CG LNA with a load resistor
and shunt-peaking inductor. The N F' of the LNA with £ = 1.0 is up to 2.2 dB lower than that of
the LNA with & = 0. Figure 4.7 shows the simulated noise factors contributed from M;, R}, and
R, (Fyr,, PRy, and IR, respectively) with and without the noise cancellation. The transformer
reduces F;, by up to 35 % and F'r, by 65 %. The contribution from [?, also slightly decreases
and hence R, contributes little to the overall NI’ (i.e., 0.1 dB in Fig. 4.6). The noise contributions
from M; and R, change with the turn ratio. A noise optimization procedure will be presented in
the next section.

4.4 Circuit Analysis

The transformer improves the LNA noise performance at the cost of the input and gain band-
widths. The output series inductor L, extends both the bandwidths. In this section, the noise,
input admittance, gain, stability, and group delay of the LNA are analyzed, and noise optimiza-
tion and impedance matching procedures are presented.

4.4.1 Noise

The amount of noise cancellation is mainly determined by the turn ratio of the transformer. From
the small-signal equivalent circuit shown in Fig. 4.4, the output noise voltage due to R, is given
by

(gmBRr +nk + s(1 — k*)Lsgm) ins

Vout,ins — ZL . (48)
(z% + YIN) (Zr+ Ry + s(1 — k?)Ly)
Using Eqgs. (4.6)—(4.8), we obtain the noise factor of the proposed LNA:
F~1+ Fy, + Fg,, (4.9)
2
2 n2—n+<i+jw0 +;)RL
Vout i Rs p jwLyp
Fy, = cnd | = Ry, 4.10
M Uout,im ngL +n 79do ( )
2
Vot [2 |(L =) gmBr+ (3 + 50y + 22 ) Re| g
Fr, = |———2%| = - z =, 4.11
fir Vout,ins ngL +n RL ( )

where g, is the zero-bias drain conductance of M;. The value of «y in a fabricated 90 nm MOS-
FET is approximately two, shown by the measured and simulated N F' of the LNA, as will be
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noise cancellation (k = 0, 1.0).



4.4. CIRCUIT ANALYSIS 69

shown in Section 4.6. For simplicity, the magnetic coupling factor £ is assumed to be one. The
parasitic resistance of L,, the parasitic capacitance between L, and L, and the induced-gate
noise current of M, are ignored, because they do not have a significant effect on the overall N F'.
The transconductance g,, and load resistance R; cannot be optimized for noise, because they
are determined from input impedance matching conditions, as will be shown in the following
subsection.

The optimum 7 for the noise performance can be obtained from Egs. (4.9)—(4.11). Setting the
derivatives of Egs. (4.10) and (4.11) with respect to n to zero (i.e., 0Fy;, /On = 0 and OFg, /On =

0 forw =1/,/L,C,), we can obtain

Ry,
Nopting = _ngL + \/(ngL)2 + ngL +

4.12
R.’ (4.12)

(4.13)

Noptwpr, — 1+ P
v Im LR

for which a minimum £}, and F, are achieved, respectively. Similarly, the optimum n for £,
Nopt, can be obtained from 0F/On = 0:

R R
(n(Q)pt — Nopt + FL) (n?)pt + (2nopt — 1)gmRr — RL> Y9do

1 1
- ((1 — Nopt) Gm + E) (gszL + 9m + E) Ry = 0. (4.14)

Figures 4.8(a) and (b) show the calculated F', Fy,, and Fr, (R = 50 €2) versus n and N F' with
Ry as a parameter at w = 1/,/L,C,, respectively. For R; = 50 2, minimum F};,, Fg,, and F
are achieved for n of 0.68, 1.66, and 1.0, given by Egs. (4.12)—(4.14), respectively. Figure 4.8(b)
shows that the calculated NF' (R; = 150 Q) for n = 1.0 is consistent with the simulated N F'
(k = 1.0) at 7.2 GHz, shown in Fig. 4.6, although Rz, is ignored in Eqgs. (4.9)—(4.11). Moreover,
the N F' becomes a minimum around one even with varying R; from 50 to 200 €2. A large n
makes the LNA unstable, as will be explained in Section 4.4.4, and leads to an increase in the
parasitic capacitance of L, causing poor high-frequency performance. The optimum n is thus
determined to be one.

4.4.2 Input Impedance Matching

In the proposed topology with input and shunt-peaking inductors coupled, the output load affects
the LNA input impedance through the coupling. The output series inductor L, contributes to
wideband input impedance matching. From Fig. 4.4, the input admittance of the proposed LNA,
YN, 1s given by

1
Y; W) = Gm wC - Y. 4.15
IN(Jw) = gm + jw p+]wL +Yr (4.15)

p
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Figure 4.8: Calculated (a) F', Fyy,, and Fr, (R, = 50 Q) versus n and (b) NF with R, as a

parameter.
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The first three terms in Eq. (4.15) represent the input admittance of the CG LNA. The last term
Yr is generated by coupling L, and Ly, and is given by

nk(nk _ ngL>

Yr(jw) = . 4.16
tU%) = B jenL, (1= ) (4.16)
When L, is connected in series with the output, Z;, is expressed as
Zu(jw) = —/ (Jwls + — @.17)
W) = w 5 .
L ij’l J ! ju)Cg

where C'; represents the sum of the gate-drain capacitance of M, and the parasitic capacitance
of Ly; Cy, which is typically larger than (', represents the sum of the input capacitance of the
following stage and the parasitic capacitance of L;. Equations (4.15)—(4.17) show that Y7y is a
function of Y7, whose frequency behavior significantly depends on that of Z;. From Eqgs. (4.15)-
(4.17), the calculated frequency behavior of Y7 is shown in Fig. 4.9(a) (solid line), and that of
Yy for Zp(jw) = 1/jw(Cy + Cy) is also shown for comparison (dashed line). The 7 network
consisting of C', Ly, and Cy acts as a short or an open [27] (i.e., Z;, = 0 or c0), providing a
maximum and minimum Re[Y7 (jw)] and Im[Y7(jw)]:

n2k?

Re[Y7(jw)]max = R (4.18)
Re[Y7 (jw)|min & —1k g, (4.19)
, nk nk
Im[YT(]w)]maX ~ 7 (gm + R_L) 5 (420)
Llcz
. nk Im e IC nk
Im[Y7(Jw)]min & —— v +—1, 421
[ T(] )] 2 <C€1+CC%2 —|—n2(1—k2)Lp RL ( )
at the following frequencies:

1
= ) 4.22
w1 /LICQ ( )

1
Wz = e (4.23)

\/ Ll C11+62’2

1
NS T A 4.24
5 R(Cr 1 O (4.24)

Ry
Wy =~ ) 4.25
RS (1R, (425

respectively. The above equations and approximations are derived from the following conditions:
Zp, = 0 and jwn*(1 — k*)L, is ignored against R; in Egs. (4.18) and (4.22); Z;, = oo in
Egs. (4.19) and (4.23); Z;, = 1/jw(C} + Cy) and w?n*(1 — k?)L,(Cy + Cy) < 1 in Egs. (4.20)
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and (4.24); Z;, = jwL,Cy/(Cy + Cs) in Egs. (4.21) and (4.25). A negative Re[Yr(jw)| shown
in Eq. (4.19) originates from the positive feedback provided by the transformer. The calculated
Y7 is also shown in Fig. 4.9(b). The real part of Y7y, Re[Y;y(jw)], is simply shifted by g,,, from
Re[Y7(jw)], and the imaginary part of Y7, Im[Y; y(jw)], becomes zero at resonance frequencies.
The first resonance frequency wy is derived from the following equation:

nk(C’l + Cg)(nl{i -+ ngL>
1 + wSR%(C’l + 02)2

Im[Y7n (jwo)] = jwoC), + + Jwo =0, (4.26)

jWOLp
where the last term in Im[Y7x (jwp)] is Im[Y7(jwo)] for Zr, = 1/jwe(Cy + Cs) and win?(1 —
E*)L,(Cy + Cy) < 1.

Input impedance matching conditions are derived from Yy (jwp) and Y7y (jw). At wy, the
real part of Y7y (jw) is approximated as

nk
N N - 4.27
e[Yin(jwo)] = gm < 1+ w2R2(Cy + 02)2) , e

where W2nkRr(C + C2)?/gm < 1. At wy, Im[Y;x(jw)] is negligible against Re[Y7y (jw)]:

n2k?

Ry~

Yin(jwi) = RelYin(jwr)] = gm + (4.28)

For input impedance matching (|S11| < —10 dB), Y7y must satisfy the following condition:

1— RSYVIN

——— 1 < 0.316. 4.29
14+ RY N ( )

|1 Z'

When Im[Y;n (jw)] = 0, Eq. (4.29) can be simplified to
10 mS < Re[Y;y(jw)] < 38 mS. (4.30)

Substituting Egs. (4.27) and (4.28) into Eq. (4.30), we can derive the following impedance match-
ing conditions:

nk
10mS < g, (1— , 431
ms =g ( 1+w§R%(C’1+Cg)2> (4.31)
77,2 2
G - < 38 mS. (4.32)
Ry,

Equations (4.31) and (4.32) determine the lower and upper limits to g,,, and the lower limit to R;,.
An impedance matching procedure for the proposed LNA is as follows:

1. Select g,,, and R, to satisty Egs. (4.31) and (4.32)

2. Select L, such that wy equals the lower edge of the desired input band



74 CHAPTER 4. TRANSFORMER NOISE-CANCELING UWB CMOS LNA

3. Select L; such that w, equals the upper edge of the desired input band

Figure 4.9(c) shows the calculated S1; of the LNAs with and without L, where w, and w, are set
to approximately 3.1 GHz and 10.6 GHz, respectively. A transconductance of 30 mS and load
resistance of 150 2 allow |Sj;| < —10 dB from wy to w;. Around wy, the 7 network including
L, decreases Re[Y;y (jw)] and Im[Y;y (jw)]:

) nk W4L1029m
.. o B 4.
e[ IN(]W4)] Jm 2RL ( Cl i 02 nk) 5 ( 33)
‘ 1 nk w4L1C'29m
. ol - k), 4.34
m([Yyy (jws)] = waC wil, 2R < C1+ Cy o ) -

providing |S1;| < —10 dB. Consequently, the input impedance matching is achieved from wy to
W4q.

4.4.3 Gain

The transformer provides the positive feedback from node A to the input, as shown in Sec-
tion 4.3.1. The transformer positive feedback reduces the gain (S3;) bandwidth of the LNA. The
S of the LNA with output impedance matching is given by

Vout 2Uin Vout 2
Sy = = = A,, 4.35
21 vs/2 Vs Vin 1+ R,Yn ( )

where v, is the signal voltage and A,, defined by v,y /v;n, is the voltage gain from the input to
the output of the LNA, as shown in Fig. 4.4. Equation (4.35) shows that the frequency response
of A, is shaped by that of Y7y (i.e., S11), which results in that of S5;.

The frequency response of A, of the proposed LNA is similar to that of a CG LNA with a
load resistor and output series inductor. The output network combined a shunt-peaking inductor
with an output series inductor gives a larger bandwidth than the counterpart with either inductor,
as explained in [23,27]. However, the shunt-peaking inductor L, in the proposed LNA does not
increase the bandwidth. The A, of the LNA is given by

gmPL <1 4 nk 1ok i)

gm R mi we

A, (s) =
(5) 1+ wic 4 (1—k2 + 1—_’%) 24 kcafkc)S_‘; 4 1=k ke(1—ke) st

mi mo w? mo  w mi mo  wi

, (4.36)

where We = 1/RL(01 + 02), kc = C’l/(C’l + 02), my = R%(Cl + Cg)/LS, and meo = R%(Cl +
Cy)/ Ly [23]. Substituting £ = 0 into Eq. (4.36) gives the A, of the CG LNA with both the shunt-
peaking and output series inductors. Equation (4.36) shows that all m; are divided by a factor
of (1 — k?), i.e., L, is multiplied by a factor of (1 — k?). This means that the effective L, in the
proposed LNA becomes small, compared with the shunt-peaking inductor in the CG LNA, and
then contributes less to bandwidth extension. The calculated A, with k as a parameter is shown in
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Fig. 4.10, where f. = 4.2 GHz, k. = 0.4, m; = 1.6, and my = 2.25 originate from C; = 100 fF,
Cy =150 fF, Ly = 3.5 nH, L; = 2.5 nH, and R, = 150 €. A very large peak (ripple) is found
when £ = 0, because L, is larger than Ly, i.e., m; < my [23,27]. Figure 4.10 shows that both
the peak and bandwidth decrease as k increases. Consequently, the bandwidth of the proposed
LNA (k ~ 0.9) closely equals that of the CG LNA with only the output series inductor. A flat
voltage gain of the CG LNA across the entire UWB frequency band can be obtained by selecting
an appropriate value of ms (approximately 2), as discussed in [23].

An Sy variation of the proposed LNA mainly originates from the characteristic of Y; 5 (S11).
As shown in Fig 4.9(c), the input impedance matching condition improves around w, and wy, but
deteriorates around w;. This means that an input signal of w; is less transferred to the input of the
LNA, compared to that of wy or w4, which results in a reduction in the magnitude of Sy; around
wy. The difference between S; (jwp) and Sa;(jw;) can be approximated from Eq. (4.35):

Sgl(ij> . 1+ RSYIN(jwl) _ 14 Rs : RC[Y[N(jwl)]

AS - N - B ~ . 9
T Sy (jwr) 14 RYin(jwo) 1+ Ry -Re[Yin(jwo)]

(4.37)

where A,(jwy) = A,(jwy) is assumed, the real parts of Y;n(jwy) and Y7n(jw;) are given by
Eqs. (4.27) and (4.28), respectively, and the imaginary parts of Y7y (jwo) and Y7x(jw;) can be
neglected, as shown in the previous subsection. Figure 4.11 shows the calculated A, and S5; of
the proposed LNA with £ = 0.9. Substituting the parameters shown in Fig. 4.11 into Eq. (4.37)
gives ASy; = —3.6 dB, while an Sy variation of —4.7 dB is seen in Fig. 4.11, and then —1.1 dB
originates from the difference of A,. The difference of S5; can be reduced by decreasing Ry, as
shown by Egs. (4.27), (4.28), and (4.37). Moreover, using a common-source (CS) amplifier with
a gain peak around w; as the second stage, we can obtain a flat gain.

4.4.4 Stability

The proposed LNA becomes potentially unstable, due to the transformer positive feedback. For
unconditionally stable, the LNA must meet the following conditions, as shown in Section 1.2.2:

RG[Z[N] > 0, (4.38)
Re[Zovr] > 0. (4.39)

In what follows, to simplify the expression of the output impedance of the LNA, we will verify
whether the LNA without the output 7 network (C, Ly, and () satisfies the above conditions or
not.
First, the real part of the input admittance of the LNA can be derived from Egs. (4.15)-(4.16)
for Z; = oco:
RelYin(jw)] = gm (1 — nk). (4.40)

In the case of the proposed LNA, n is selected to be one, shown in Section 4.4.1, and k of the
on-chip transformer is less than one [28]: nk < 1. The requirement of Eq. (4.38) is thus satisfied.
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Figure 4.12: Simulated K and B, of the proposed LNA.

Next, the output impedance considering the left hand side of output node A (Fig. 4.4) is given by

(Ri + gm + ijp) (Rp + jw(l — k*)Ly) + n* + jfgp
7+ gm(1 = nk) + jwC,p + '

ZOUT’A(ju)) = (441)

Equation (4.41) indicates that the real part of Zoy7, 4 becomes a maximum around w=1/,/L,C,
and can be approximated by

Re[ZOUT’A(jw)} ~ RL» (442)

. 1—k)L, [ 1
Re[ZOUT’A(jw)} ~ R; + % (E + gm) s (4.43)
P s

at low and high frequencies (ie., w < 1/4/L,C, and w > 1/,/L,C,), respectively. The
requirement of Eq. (4.39) is therefore satisfied.

The stability is also ensured through simulation. Figure 4.12 shows the simulated K and B,
of the proposed LNA, which are given by [29]

_ 1= 1Sul? = |Sn* + AP
2|S1251] ’
Bl - 1 + ’511’2 - ‘SQQlQ - ’A‘z, (445)

K

(4.44)

respectively, where A = S1159 — S12591. The necessary and sufficient conditions for uncondi-
tional stability are ' > 1 and B; > 0 [29]. The simulations show that the LNA satisfies these
conditions across the entire UWB frequency band.
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4.4.5 Group Delay

A group delay variation is important for DS-UWB or pulse-based UWB systems. The group
delay is the derivative of the phase of the signal transfer function (.S3;), and hence any resonance
in the signal path contributes to the variation [30]. The critical resonances in the proposed LNA
originate from the combinations of L,, (transformer) and C), at the input, and L;, C, and C at the
output, and these resonance frequencies, wy and wy, are given by Eqgs. (4.26) and (4.23), respec-
tively. Pushing the resonance frequencies out of the desired frequency band (i.e., increasing L,, or
decreasing L) allows a small group delay variation. Figure 4.13 shows that the simulated group
delays of the proposed LNA with L, and L; as a parameter. The group delay (for L, = 3.0 nH
in Fig. 4.13(a)) dramatically changes around 3 GHz (wy) and 11 GHz (w5). The simulations also
show that the variation can be reduced by increasing L,, or decreasing L;.

4.5 Design

By using a 90 nm CMOS process and device parameters, the proposed LNA is designed to
satisfy the following typical specifications of the UWB LNA: |Sj;| < —10dB, NF' < 4 dB, and
|S21| > 10 dB across the entire UWB frequency band (3.1-10.6 GHz). Current consumption is
set to 2.5 mA ata 1.0 V supply.

4.5.1 Input Transistor and Load Resistor

The transconductance g,, and load resistance R, are determined by the input impedance match-
ing conditions, given by Eqs. (4.31) and (4.32), and the desired gain. A transconductance of
30 mS and load resistance of 145 ) provide both |S};| < —10 dB and A, ~ 14 dB? in the lower
UWB band (3.1-5 GHz). The load resistance includes the parasitic resistance of Ls. A bias
current of 2.5 mA and g,, of 30 mS result in a gate width of 4 x 10 pum (10 gate fingers, each
with a unit of of 4 ym width) and gate length of 100 nm.

4.5.2 Transformer

The transformer adopts a stacked configuration in which L,, is stacked on L. This configuration
provides the largest coupling factor and a small area [28]. The large parasitic resistance of Ly,
due to the lower thin metal layer, is not problematic, because it can be absorbed into R;.

The parasitic capacitance between L, and L, C,, has a relatively small effect on the LNA
performance. This capacitance significantly affects the frequency response of a noninverting
transformer [28]. Although the proposed LNA employs the noninverting stacked transformer,
the signal current injected into Lg by M, reduces the effect of C.. Figure 4.14 shows the simu-
lated S7; and N F' of the LNA including C.. In the lower UWB band, C. slightly increases the
magnitude of the S1; and has little impact on the N F'; in the higher, a large C. decreases the

At low frequencies, A, ~ g, Ry + nk = 5.25.
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Figure 4.13: Simulated group delays with (a) L, and (b) L; as a parameter.
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Figure 4.14: Simulated S;; and N F' of the LNA with C, as a parameter.

input bandwidth and increases the /N F' by up to 0.20 dB. In the simulations, for wideband input
impedance matching, C. must be less than 300 fF, which can be realized even with the stacked
transformer.

The transformer is designed to achieve |S1;| < —10 dB (of the LNA) in the lower UWB band
and N F' < 4.0 dB across the entire UWB band. Figure 4.15 shows the top view and cross section
of the designed transformer. Selecting L,, such that w, equals approximately 3.1 GHz allows the
LNA to achieve |Sj;| < —10 dB in the lower band. A wide metal for realizing L, reduces the
parasitic resistance; however, it leads to a large chip area and large parasitic capacitance. For L,,,
we adopt a 3.5-turn square inductor with an outer diameter of 165 ym, metal width of 3 ym, and
metal spacing of 2 m. To achieve a turn ratio of one, L is designed as follows: an outer diameter
is 165 pm, a metal width 2 ;im, and a metal spacing 3 pm. The metal thicknesses of L,, (top pad
metal) and L, (metal 6) are 1.9 um and 0.9 pm, respectively. The parasitic capacitance C. is
reduced by offsetting the upper metal layer from the lower by short horizontal distance (3 p©m),
which results in C. ~ 240 fF. Three-dimensional (3-D) electromagnetic (EM) simulations by
Ansoft HFSS showed L, = L, =4.0nH and k& = 0.9.

4.5.3 Output Series Inductor

The output series inductor L is designed to set w, to the upper edge of the desired input band
(10.6 GHz). We use a relatively low Q inductor to reduce the chip area and parasitic capacitance,
which reduces the gain bandwidth of the LNA. The outer diameter of L, is 140 pm, the metal
width 3 pm, the metal spacing 2 pum, and the metal thickness 1.9 ym (top pad metal). EM
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Figure 4.15: (a) Top view and (b) cross section a—a’ of the designed transformer.

simulations showed that the inductance and maximum () were 3.2 nH and 6.0 (at 5.0 GHz),
respectively.

4.6 Experimental Results and Discussion

The designed LNA shown in Fig. 4.16 was fabricated in a 90 nm digital CMOS process without
metal-insulator-metal (MIM) capacitors. A DC-blocking capacitor of 400 fF consisted of vertical
parallel plates [31], due to low input and output parasitic capacitances (~ 25 fF). A micrograph
of the fabricated LNA is shown in Fig. 4.17. The active chip area excluding pads was 0.48 X
0.25 mm?. The input and output pads was not electrostatic-discharge (ESD) protected. Metal fills
consisting of metal 1-6 layers were placed both inside and outside the fabricated transformer and
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Figure 4.16: Complete schematic of the designed transformer noise-canceling LNA

Figure 4.17: Micrograph of the fabricated LNA.
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inductor to meet metal density rules in the CMOS process. They were 1.5 um by 1.5 um squares
with a spacing of 0.2 um. The average horizontal distance between the metal fills and traces
of the inductors was 15 pm. For measurements, a unity-gain CS amplifier with a 50 €2 output
resistor was used as a buffer. The S-parameters, noise, and linearity of the LNA were measured
using on-wafer RF probes. The power consumption of the LNA and buffer were 2.5 mW and
4.0 mW, respectively, at a supply voltage of 1.0 V.

4.6.1 S-parameters

Figure 4.18 shows the measured and simulated S;; and S5; of the LNA. The S-parameters
was measured using an Agilent Technologies HP8722ES network analyzer. The LNA achieved
|S11] < —10dB and |Sg;| > 9.3 dB across 3.1-10.6 GHz. The discrepancy between the measure-
ments and simulations at frequencies above 4 GHz is mainly attributed to insufficient accuracy
in the simulations of the transformer and inductor used. The HFSS simulation models of the
transformer and inductor included no metal fills to solve convergence problems and reduce the
memory requirement. The metal fills increase the parasitic capacitances and resistances of the
transformer and inductor [32—-34], which results in the discrepancy.

Figure 4.19 shows the measured and simulated .51, of the LNA with the buffer. The difference
between the measured and simulated S;, is due to substrate effects. The LNA achieved |S5| <
—34 dB across 3.1-10.6 GHz. The measured 51, of the stand-alone buffer (not shown) was less
than —24 dB over the same frequency range. Thus, the S5 of the LNA without the buffer was less
than —10 dB. The poor reverse isolation performance is due to the transformer, and an additional
stage may be required to improve the isolation performance.

Figure 4.20 shows the measured and simulated group delays. The group delay variation
increased around the edge of the UWB frequency band, as analyzed in Section 4.4.5. A group
delay variation of approximately 60 ps was achieved for the entire band.

4.6.2 NF

Figure 4.21 shows the measured and simulated NV F' of the LNA. The N F' was measured using
an Agilent Technologies HP8970B noise figure meter. Note that these results included the noise
of the output buffer, which increased the overall NF' by 0.8 dB for an LNA gain of 10 dB in
simulation. The LNA with the buffer achieved an /V F' of 3.8—4.4 dB across the entire UWB band.
This means that the proposed LNA with an additional CS amplifier like the buffer can achieve
NF < 4.4 dB. The difference between the measurements and simulations can be explained by
the extra input-referred noise of the buffer, caused by the lower measured gain than the simulated
one.

4.6.3 Linearity

Figure 4.22 shows the output power of the fundamental tone and third-order intermodulation
(IM3) products for two tones (3.000 GHz and 3.001 GHz), measured using an Agilent Tech-
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4.7. CONCLUSION 87

nologies E4448A spectrum analyzer. The two tones were generated by Agilent Technologies
HP8671B and E4438C signal generators. The measured // P; and 1-dB compression point were
approximately —9.3 dBm and —20 dBm, respectively. Figure 4.23 shows //P; and /1P, mea-
sured by applying two tones with 1-MHz spacing. The measured frequency range of 3—-6 GHz
was limited by the signal generator. An [/ P; > —9.3dBmand /7P, > —6.3 dBm were obtained
in the frequency range.

4.6.4 Comparison

Table 4.1 shows a summary of the LNA performance and a comparison with previously reported
3.1-10.6 GHz CMOS LNAs. The proposed LNA achieved input impedance matching and com-
parable noise performance across the entire UWB band with the lowest reported power consump-
tion and supply voltage. The LNA also consumed the smallest chip area among the wideband
LNAs employing inductors [10, 11, 16,23].

An additional amplifier stage can allow the proposed LNA to achieve a more and flatter gain
across 3.1-10.6 GHz. A relatively low gain of the implemented LNA (>9.3 dB) leads to an
increase in the overall NF of the receiver. For instance, the NF specification for RF receivers of
the MB-OFDM UWRB system is less than 6.6 dB [35,36]. A receiver employing the proposed
LNA may have difficulty in satisfying such an NF specification. A CS amplifier with a load
inductor, shown in Fig. 4.24, improves the LNA gain, alleviating this problem. The CS amplifier
is designed to have a gain peak around 8.0 GHz and a power consumption of 2.0 mW. The 2.6-nH
inductor consists of stacked square spiral inductors implemented by the top pad metal and metal
6 layers, and occupies only 55 x 55 yum?. Figure 4.25 shows the simulated Sy, and N F' of the
LNAs with and without the CS amplifier. The inductor was designed by using the EM simulator.
The LNA with the CS amplifier achieved more and flatter gain (|.Ss;| > 20 dB) and the same
noise performance as the LNA without the CS amplifier (N /' < 4.3 dB) across 3.1-10.6 GHz.
The group delay variation (not shown) was reduced to approximately 20 ps. Considering the
measurements of the fabricated LNA, we conclude that the proposed LNA with the CS amplifier
can achieve |Sy;| > 20 dB and NF' < 4.4 dB across 3.1-10.6 GHz with an additional power
consumption of 2.0 mW and chip area of 55 x 55 jum?.

4.7 Conclusion

We have demonstrated a transformer noise-canceling UWB CMOS LNA with an output series
inductor. The transformer partly cancels the noise of the common-gate transistor and load resis-
tor, thereby improving the LNA noise performance. The output series inductor improves both
the gain and input bandwidths. Circuit analysis showed that the best turn ratio for the noise per-
formance is one and input impedance matching depends not only on the common-gate transistor
but also on the load resistor. The LNA designed for UWB applications was fabricated in a 90 nm
digital CMOS process. The fabricated LNA occupied 0.12 mm?, and achieved |S1;| < —10 dB,
NF < 4.4dB, and |Sg;| > 9.3 dB across 3.1-10.6 GHz, while consuming 2.5 mW from a 1.0 V
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supply. The proposed topology is the most suitable for low-power and low-voltage UWB CMOS
LNAs.

Bibliography

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

MultiBand OFDM Alliance SIG. (2004, Sep.) Multiband OFDM physical layer proposal
for IEEE 802.15 task group 3a. [Online]. Available: http://www.wimedia.org

R. Fisher and R. Kohno and H. Ogawa and H. Zhang and K. Takizawa and M. McLaughlin
and M. Welborn. (2005, Sep.) DS-UWB physical layer submission to 802.15 task group
3a. [Online]. Available: http://www.decawave.com

A. Bevilacqua and A. M. Niknejad, “An ultrawideband CMOS low-noise amplifier for 3.1—
10.6 GHz wireless receivers,” IEEE J. Solid-State Circuits, vol. 39, no. 12, pp. 2259-2268,
Dec. 2004.

J.-H. C. Zhan and S. S. Taylor, “A 5 GHz resistive-feedback CMOS LNA for low-cost
multi-standard applications,” in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, San
Francisco, CA, Feb. 2006, pp. 200-201.

B. G. Perumana, J.-H. C. Zhan, S. S. Taylor, and J. Laskar, “A 12 mW, 7.5 GHz bandwidth,
inductor-less CMOS LNA for low-power, low-cost, multi-standard receivers,” in IEEE Ra-
dio Frequency Integrated Circuits Symp. Dig. Papers, Honolulu, HI, Jun. 2007, pp. 57-60.

B. G. Perumana, J.-H. C. Zhan, S. S. Taylor, B. R. Carlton, and J. Laskar, “Resistive-
feedback CMOS low-noise amplifiers for multiband applications,” IEEE Trans. Microw.
Theory Tech., vol. 56, no. 5, pp. 1218-1225, May 2008.

J. Borremans, P. Wambacq, and D. Linten, “An ESD-protected DC-to-6 GHz 9.7 mW LNA
in 90 nm digital CMOS,” in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, San
Francisco, CA, Feb. 2007, pp. 422-423.

R. Ramzan, S. Andersson, J. Dabrowski, and C. Svensson, “A 1.4 V 25 mW inductorless
wideband LNA in 0.13 ym CMOS,” in IEEE Int. Solid-State Circuits Conf. Dig. Tech.
Papers, San Francisco, CA, Feb. 2007, pp. 424-425.

M. T. Reiha, J. R. Long, and J. J. Pekarik, “A 1.2 V reactive-feedback 3.1-10.6 GHz ul-
trawideband low-noise amplifier in 0.13 pm CMOS,” in IEEE Radio Frequency Integrated
Circuits Symp. Dig. Papers, San Francisco, CA, Jun. 2006, pp. 41-44.

M. T. Reiha and J. R. Long, “A 1.2 V reactive-feedback 3.1-10.6 GHz low-noise amplifier
in 0.13 yum CMOS,” IEEE J. Solid-State Circuits, vol. 42, no. 5, pp. 1023-1033, May 2007.

C.-F. Liao and S.-I. Liu, “A broadband noise-canceling CMOS LNA for 3.1-10.6-GHz
UWRB receivers,” IEEE J. Solid-State Circuits, vol. 42, no. 2, pp. 329-339, Feb. 2007.



BIBLIOGRAPHY 91

[12] S. Chehrazi, A. Mirzaei, R. Bagheri, and A. A. Abidi, “A 6.5 GHz wideband CMOS low
noise amplifier for muti-band use,” in Proc. IEEE Custom Integrated Circuits Conf., San
Francisco, CA, Sep. 2005, pp. 801-804.

[13] S. C. Blaakmeer, E. A. Klumperink, B. Nauta, and D. M. Leenaertsr, “An inductorless
wideband balun-LNA in 65nm CMOS with balanced output,” in Proc. IEEE European
Solid-State Circuits Conf., Munich, Germany, Sep. 2007, pp. 364-367.

[14] Q. Li and Y. P. Zhang, “A 1.5-V 2-9.6-GHz inductorless low-noise amplifier in 0.13-pm
CMOS,” IEEE Trans. Microw. Theory Tech., vol. 55, no. 10, pp. 2015-2023, Oct. 2007.

[15] F. Zhang and P. R. Kinget, “Low-power programmable gain CMOS distributed LNA,” IEEE
J. Solid-State Circuits, vol. 41, no. 6, pp. 1333-1343, Jun. 2006.

[16] P. Heydari, “Design and analysis of a performance-optimized CMOS UWB distributed
LNA,” IEEE J. Solid-State Circuits, vol. 42, no. 9, pp. 1892—-1905, Sep. 2007.

[17] T. Kihara, T. Matsuoka, and K. Taniguchi, “A 1.0 V, 2.5 mW, transformer noise-canceling
UWB CMOS LNA,” in IEEE Radio Frequency Integrated Circuits Symp. Dig. Papers, At-
lanta, GA, Jun. 2008, pp. 493—-496.

[18] D. J. Allstot, X. Li, and S. Shekhar, “Design considerations for CMOS low-noise ampli-
fiers,” in IEEE Radio Frequency Integrated Circuits Symp. Dig. Papers, Fort Worth, TX,
Jun. 2004, pp. 97-100.

[19] P.P. Jindal, “Compact noise models for MOSFETSs,” IEEE Trans. Electron Devices, vol. 53,
no. 9, pp. 2051-2061, Sep. 2006.

[20] Y. Kiyota, C.-H. Chen, T. Kubodera, A. Nakamura, K. Takeshita, and M. J. Deen, “A new
approach of high frequency noise modeling for 70-nm NMOS transistors by accurate noise

source extraction,” in IEEE Radio Frequency Integrated Circuits Symp. Dig. Papers, Hon-
olulu, HI, Jun. 2007, pp. 635-638.

[21] J. Jussila and P. Sivonen, “A 1.2-V highly linear balanced noise-cancelling LNA in 0.13-pm
CMOS,” IEEE J. Solid-State Circuits, vol. 43, no. 3, pp. 579-587, Mar. 2008.

[22] W. Zhuo, S. Embabi, J. P. de Gyvez, and E. Sanchez-Sinencio, “Using capacitive cross-
coupling technique in RF low noise amplifiers and down-conversion mixer design,” in Proc.
IEEE European Solid-State Circuits Conf., Stockholm, Sweden, Jun. 2000, pp. 116-119.

[23] S. Shekhar, J. S. Walling, and D. J. Allstot, “Bandwidth extension techniques for CMOS
amplifiers,” IEEE J. Solid-State Circuits, vol. 41, no. 11, pp. 2424-2439, Nov. 2006.

[24] X. Li, S. Shekhar, and D. J. Allstot, “Gm-boosted common-gate LNA and differential col-
pitts VCO/QVCO in 0.18-um CMOS,” IEEE J. Solid-State Circuits, vol. 40, no. 12, pp.
2609-2619, Dec. 2005.



92 CHAPTER 4. TRANSFORMER NOISE-CANCELING UWB CMOS LNA

[25] F. Bruccoleri, E. A. M. Klumperink, and B. Nauta, “Wide-band CMOS low-noise amplifier
exploiting thermal noise canceling,” IEEE J. Solid-State Circuits, vol. 39, no. 2, pp. 275-
282, Feb. 2004.

[26] A. Liscidini, C. Ghezzi, E. Depaoli, G. Albasini, I. Bietti, and R. Castello, “Common gate
transformer feedback LNA in a high IIP3 current mode RF CMOS front-end,” in Proc.
IEEE Custom Integrated Circuits Conf., San Francisco, CA, Jul. 2006, pp. 25-28.

[27] S. Galal and B. Razavi, “40-Gb/s amplifier and ESD protection circuit in 0.18-pm CMOS
technology,” IEEE J. Solid-State Circuits, vol. 39, no. 12, pp. 2389-2396, Dec. 2004.

[28] J.R. Long, “Monolithic transformers for silicon RF IC design,” IEEE J. Solid-State Circuits,
vol. 35, no. 9, pp. 1368-1381, Sep. 2000.

[29] G. Gonzalez, Microwave Transistor Amplifiers, 2nd ed. Upper Saddle River, NJ: Prentice
Hall, 1997.

[30] Y. Park, C.-H. Lee, J. D. Cressler, and J. Laskar, “The analysis of UWB SiGe HBT LNA
for its noise, linearity, and minimum group delay variation,” IEEE Trans. Microw. Theory
Tech., vol. 54, no. 4, pp. 1687-1697, Apr. 2006.

[31] R. Aparicio and A. Hajimiri, “Capacity limits and matching properties of integrated capac-
itors,” IEEE J. Solid-State Circuits, vol. 37, no. 3, pp. 384-393, Mar. 2002.

[32] J.-H. Chang, Y.-S. Youn, H.-K. Yu, and C.-K. Kim, “Effects of dummy patterns and sub-
strate on spiral inductors forsub-micron RF ICs,” in IEEE Radio Frequency Integrated Cir-
cuits Symp. Dig. Papers, Seattle, WA, Jun. 2002, pp. 419-422.

[33] F. Zhang and P. R. Kinget, “Design of components and circuits underneath integrated in-
ductors,” IEEE J. Solid-State Circuits, vol. 41, no. 10, pp. 2265-2271, Oct. 2006.

[34] L. Nan, K. Mouthaan, Y.-Z. Xiong, J. Shi, S. C. Rustagi, and B.-L. Ooi, “Experimental
characterization of the effect of metal dummy fills on spiral inductors,” in IEEE Radio
Frequency Integrated Circuits Symp. Dig. Papers, Honolulu, HI, Jun. 2007, pp. 307-310.

[35] A. Batra, J. Balakrishnan, G. R. Aiello, J. R. Foerster, and A. Dabak, “Design of a multi-
band OFDM system for realistic UWB channel environments,” IEEE Trans. Microw. Theory
Tech., vol. 52, no. 9, pp. 2123-2138, Sep. 2004.

[36] R. Roovers, D. M. W. Leenaerts, J. Bergervoet, K. S. Harish, R. C. H. van de Beek,
G. van der Weide, H. Waite, Y. Zhang, S. Aggarwal, and C. Razzell, “An interference-
robust receiver for ultra-wideband radio in SiGe BiCMOS technology,” IEEE J. Solid-State
Circuits, vol. 40, no. 12, pp. 2563-2572, Dec. 2005.



93

Chapter 5

Conclusion

In this dissertation, I have proposed and demonstrated low-voltage and small-area CMOS LNAs
for narrowband and wideband applications.

Chapter 2 has demonstrated a 1.0 V, 0.25 mm? two-stage CMOS LNA with inductive source
degeneration for 5 GHz applications. The presented two-stage topology that consists of common-
source and common-gate stages is more suitable for low-voltage operation than a conventional
cascode topology. The complete analytical expressions of the LNA performance were derived
from the small-signal equivalent circuits that include an input parasitic capacitance and the Miller
effect due to the gate-drain capacitance of the common-source transistor. These derived expres-
sions showed that a higher V4 results in a lower N F' and /I P; while a higher V, 4, leads to a
higher N F' and [/ P;. The proposed design methodology based on these expressions allows us to
efficiently design a two-stage LNA that satisfies desired gain, N F', and /I P5. The measurements
were consistent with the calculations obtained from the analytical expressions.

Chapter 3 has demonstrated a 0.5 V, 0.21 mm? transformer folded-cascode CMOS LNA for
5 GHz applications. The internal and load inductors in a conventional folded-cascode LNA were
magnetically coupled to reduced the chip area. The effects of the magnetic coupling between
these inductors were analyzed. More magnetic coupling leads to a decrease in the resonance
frequency of the input matching network, the peak frequency and magnitude of the gain, and
the noise figure. The proposed partially-coupled transformer reduces the chip area, while having
a small effect on the LNA performance. The folded-cascode LNA employing the transformer
fabricated in a 90 nm CMOS process achieved the performance comparable to the conventional
folded-cascode LNA, while consuming three fourths of the chip area of the conventional LNA.
The fabricated LNA also achieved the best F'oM with the smallest chip area among previously
reported 0.4-0.6 V, 1.0 mW, 5 GHz CMOS LNAs. It has been demonstrated that the transformer
folded-cascode LNA can replace conventional low-voltage CMOS LNAs.

Chapter 4 has demonstrated a 1.0 V, 0.12 mm? transformer noise-canceling CMOS LNA for
fullband UWB (3.1-10.6 GHz) applications. The transformer noise cancellation scheme and
output series inductor was incorporated into a conventional common-gate LNA. The transformer
consisting of the input and shut-peaking inductors partly cancels the noise of the common-gate
transistor and load resistor, thereby improving the LNA noise performance without increased
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power consumption and chip area. The output series inductor improves both the gain and input
bandwidths. Circuit analysis showed that the best turns ratio for the noise performance is one
and input impedance matching depends not only on the common-gate transistor but also on the
load resistor. The LNA fabricated in a 90 nm digital CMOS process achieved an Sy; of less
than —10 dB, N F' of less than 4.4 dB, and S5, of more than 9.3 dB with the smallest supply
voltage, power consumption (2.5 mW), and chip area, among previously reported 3.1-10.6 GHz
CMOS LNAs. The proposed circuit topology is the most suitable for low-voltage, low-cost, and
low-power UWB CMOS LNAs.

In summary, two circuit techniques allow the low-voltage and small-area design and imple-
mentation of CMOS LNAs. The first one is to use no cascode transistor, which alleviates the
Miller effect but consumes voltage headroom. As alternative approaches, a common-gate stage
is connected to a common-source LNA with inductive source degeneration as shown in Chap-
ters 2 and 3; a common-gate topology, which needs no cascode transistor, is adopted for wideband
applications as shown in Chapter 4. The second one is to magnetically couple two inductors to
form a transformer, which consumes smaller chip area than two inductors, resulting in smaller
area LNAs. In addition, the transformer consisting of the inductors connected to the source and
drain terminals of the transistor in a common-gate topology partly cancels the noise produced
by the transistor, improving the noise performance of the topology. This transformer noise can-
cellation scheme can be applied to all LNAs based on the common-gate topology. I conclude
that the presented circuit techniques and LNAs contribute to low-voltage and low-cost CMOS
RF front-ends.
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Appendix A

NF Derivations

A.1 Two-Stage LNA

The noise of the two-stage LNA originates from M, Ms, R;, and Ry. All output noise currents
due to these elements flow into the equivalent resistance of the load LC tank, R;. The LNA noise
factor is given by

r o ‘io,s,eqP + ’io,M1‘2 + |io,M2’2 + ‘iO:RI’2 + |i07RL’2
LNA — T 5
|Zo7s,eq|

=1+ Fy, + Fup, + Fr, + Fi,» (A.1)

where @, 5 cqs %001, Lo, My» To,r,> aNd 7, g, are the output noise currents due to R, My, Mo, Ry,
and R, respectively.

The output noise current originating from the equivalent signal source Ry, %6 5., Can be
derived from the noise equivalent circuit of the input stage, shown in Fig. A.1. The noise current
produced by I2., is given by
4kgTAf

Ry
where kp is Boltzmann’s constant, 7" the absolute temperature, and A f the noise bandwidth. The
transfer function from ¢, ¢4 t0 7, s ¢4 1S derived from Fig. A.1:

P = (A2)

|’ins,eq

. 9mi Req
Hypgeq(Jwo) = ~ , (A.3)
q(j O> jwoaMCgsl (Req + Rm)(l + 1/gm2R1)
where woL.q, = — X, is assumed and 7,45 .rf < R,. The output noise current originating form
R., is therefore given by

- 19 . 27 19

|Zo,s,eq|2 = |Hns,eq(]"‘j0)‘ |Zns,eq’2
B 4kBTReqw%1A f (Ad)

n W%@?W(Req + Rzn)2(1 + 1/gm2R[>2.
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C ’o,s,eq: ’o,nd1: ’o,ng1
gd1 |
® | =
+ |
Cgs1 Vgs1
lng1 r . gm1vgs1 ind1
ngs
i RS ]

ns,eq /I\ ) / g_

R egt lwoL eq m2

Ls

Figure A.1: Noise equivalent circuit of the input stage

A1l Fy

1

The main noise sources in a MOSFET are the drain noise current 7,4 and induced-gate noise
current 4,4, expressed as [1,2]

lind|? = 4kpTYga0 A f, (A.5)
- C.,)2
il = 4/<:BT5%A f, (A.6)
0

respectively, where g, is the zero-bias drain conductance of a MOSFET; ~, ¢, and « represent
the noise parameters. The induced-gate noise current correlates to the drain noise current, and
the correlation coefficient is given by [1]

c— Ing * Ind . (A.7)
\/ ling*A/ lina|?

Using this coefficient, we can express the induced-gate noise as [3]

‘ingP = ‘ingc,2 + ‘inguP
= Jingl?|c|® + ling|2(1 — |c[?), (A.8)

where i,y and i,,, are the correlated and uncorrelated components, respectively. The output
noise current originating from M/, is therefore expressed as

|iO,M1 |2 - |Z.o,nd1 + io,ngl|2

- |Z.o,nd1 + io,ngcl|2 + |io,ng1tl|2

- |Z.o,nd1 |2 + io,ngcl 'iz,ndl + io,ndl 'iz,ngcl + ’io,ngcl |2 + |io,ngu1 |27 (A9)
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where i, 41, o nge1 ANd %4 g1 are the output noise currents due t0 ipq1, inge1, AN Zygy1, TESPEC-
tively. From Fig. A.1, the transfer function from 4,41 to 7, 41 1S given by

(Req + ijLeq) (1 + agdl) +jwols + 555 ]w()cg.sl 1

> /aM ‘ OzM(l -+ l/gngI)

Hya1 (jwo) =

Req + jwoLeq + (leL + jwoLs +

Req(l + agdl)
M(Req + Rzn)<]- + 1/gm2RI) '

JWOCqsl

(A.10)

where 7457 K Req and jwo(Leq + Ls/an) + 1/jwoanCys1 >~ 0 under input impedance
matching condition. The transfer function from 7,41 t0 4,541 is also given by

Jwi%; 1 (Rs + jwoleq + jwoLs) = agar (Rs + jwoliey) 1

R +]w0Leq + (leL —|—]UJ0L + jwoC > /Q/M aM<1 + 1/gm2R1)

gm1 (Reg + J/woCys1)
jWOQMCgsl (Req + Rzn)(l + 1/gm2R1) ’

where a s < gm1/woClys1. Using Egs. (A.5), (A.6), (A.10), and (A.11), we have

Hyg (ng)

~

(A.11)

‘io,nd1|2 = ‘Hndl(jWO)Fm
_ AkpTy1gm B2, (1 + agar )’ A f (A.12)
a0y (Reg + Rin)*(1 + 1/ gmaRRr)*’ '
Gongel Ty na1 londl Ty nget = Hnge1 (J00)inget - H gy (Jwo) a1 + Huar (Jwo)inar - Hyger (300) i ge1

61 4]{BT”)/1gm1Rquf

= —2|c , (A.13)
N R ant g + Fin2(1 + U g Fir?
’io,ngcll2 + ‘io,ngu1|2 - ‘Hngl(jw0)|2 ‘ing1’2
4kpTaq 601G, + 1/w2C?% A
B 1019 1( / gsl) f (A14)

B /€104M(Req + Rzn) (L+1/gmeltr)?

Substituting Eqgs. (A.12)—(A.14) into Eq. (A.9) gives the output noise current originating from M
as

- AkpT R, Af Y1X1 101 Gm1
= q R, + —101mi_ ) a5
P = T P T o e SRRy ) A

where Y is given by Eq. (2.40). Dividing Eq. (A.15) by Eq. (A.4), we obtain F;, (Eq. (2.36)).

Al2 Fy

The noise contribution from Ms, F,, can be derived in the same way as the derivation of F}, .
The noise equivalent circuit of the common-gate stage, shown in Fig. A.2, gives the transfer
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ImaV2 ind2 OUT

. L . . .
>’an@}\> R Sv, ’nRLC’DRLgT lom2: To,Riy 1o,RL

’ng2<

9

Figure A.2: Noise equivalent circuit of the common-gate stage

functions from the drain and induced-gate noise currents to the output currents:

1
Hypo(jwy) = ———, A.16
dz(J 0) 1+ gmaRs ( )
1
H,po(jwy) = ——————, A.17
respectively. Using Egs. (A.5), (A.6), (A.16), and (A.17), we have
19 4kgTYoGmo
omndz2|? = , A.18
liona| ag(1 + gmaRr)? (A.18)
io,ngc2 ) Z.Z,ndl + io,ndQ ’ Z':‘;nch = O’ (A19)
4kgTo Cos2)?
|io,ng02|2 + |7:o,ngu2’2 = b QQQ(WO z 2) (AZO)

KoGm2(1+ 1/gmaRp)?’

where i, 142, t0ngc2 and 74 5442 are the output noise currents due t0 ipg2, inge2, and iy,442, rEspec-
tively. Using Egs. (A.18)—(A.20), we obtain

|io,M2 |2 = |ia,nd2|2 + io,ngc?'i:,ndQ + Z'o,ndQ'i:,ngc2 + |Z'0,ng<22|2 + |io,ngu2|2

Y2 9m2
= 4dkpT— Af, A2l
B &2X2(1 " 1/gmaRr)? f ( )

where 2 1s given by Eq. (2.41). Dividing Eq. (A.21) by Eq. (A.4) gives Iy, (Eq. (2.37)).

A.13 FR1 and FRL

The noise currents due to the internal and load LC tanks are given by

‘ AkgTAF

ling,|? = R (A.22)
4kpTA

o | = heT A (A.23)
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respectively. From Fig. A.2, the output noise currents originating from the internal and load LC
tanks are derived as

: AkgTAf
oR;|? = , A24
. : 4k TA
lio.r |2 = ling, |? = B—f, (A.25)
Ry

respectively. Dividing Eqgs. (A.24) and (A.25) by Eq. (A.4) gives Fr, (Eq. (2.38)) and FFg,
(Eq. 2.39)), respectively.

A.2 Transformer Folded-Cascode LNA

The noise of M;, M, R;, and R;, contribute to the overall LNA noise. The LNA noise factor is
given by

2 [Voa1|* + Vo, 0% + Vo, R |24 |V, R, |
2

F — |U07Rs

b

|U07Rs
=14+ Fy, + Fap, + Fr, + Fi,, (A.26)

where v, g, VoM, > Vo My Vo,r,» and U, g, are the output noise voltages originating from R, M,
M, Ry, and Ry, respectively.

The output noise voltage originating from Ry, v, r,, can be derived from the noise equivalent
circuit of the input stage, shown in Fig. A.3. The signal source noise current is expressed as

_ 4kpTAf
= R
where kg is Boltzmann’s constant, 7" the absolute temperature, and A f the noise bandwidth. The
transfer function from ¢, to the noise current at node I, 7 g, is given by

2 (A.27)

|ins

Im1 Rs

H,s(jwy) = = ,
(] 0) ]woaMCgsl <R5+wTLs/aM)

(A.28)

where Im[Z;,,(jwo)]=0 and «, is approximated as Re[a,,| for input impedance matching as
shown in Section 3.1. Using Eq. (A.28), we have
[ir,Rs? = | Hus (jw) [ Tins [

4]€BTRSQJ%1AJC

= . (A.29)
wilonr[(Rs + wrLs/|a])?
The common-gate stage converts i; g5 to the output voltage:
[Vo,rs|2 = | Z7|* [i,Rs [ (A.30)

where Z7 is the transimpedance of the common-gate stage and is given by Eq. (3.14).
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i1ps, |
Lg ng1 | LRs: T1m1

Figure A.3: Noise equivalent circuit of the input stage.

A2.1 Fy

The noise current of M is also converted by the common-gate stage. The noise contribution
from M, can be expressed as

_ Nvondl* _ N ZrPliraal* _ liragl?

Vo,rl?* | Zr|?irR)? 2’

(A.31)

My

li1,R,

where 77 5, 1s the noise current at node I as shown in Fig. A.3.

The main noise sources in a MOSFET are the drain noise current 7,4 and induced-gate noise
current 4,4, expressed as Eqs. (A.5) and (A.6), respectively. Considering the correlation between
inq and 7,4, we can express the noise current due to //; at node I as

lir 0 |2 =1 na1 + i1ng1]?

s ; 2 ; 2
- ?n b b
’ZI dl + lr ngcl‘ + ’ZI ngul'

=lirmar|* + irmget 17 par + trmd1 47 pger + lirnger|* + |irngur | (A.32)

where i1 ,41, i1,nge1, and ij 4,1 are the noise currents due to ipq1, inget, and 7,41 at node I,
respectively. From Fig. A.3, the transfer function from 4,4 to i7,41 is approximated as

(Rs +jw0Lg) (1 + agdl) +ijLs + ! 1

jwocgsl

Hy 1 (jwo) = ‘ ) ! o
Rs + ijLg + <WT1LS + ijLs =+ M) /OéM M
R, (1 + Oégdl)

~ , (A.33)
ay (Rs +wriLs/an)

where jwo(L, + Ls/ap) + 1/ jwoan Cys1 =~ 0 under input impedance matching condition. The
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transfer function from ¢,,4; t0 47 5,41 is also approximated as

) B jwiné,lgsl (RS + jWoL + ijLS) — Qgdi (RS + jwoLg) 1
Hpg1 (jwo) = — -

Rs + jwoL, + <wT1L + jwoLs + ]woc )/aM Qg
Gm1 (R +oncgﬂ)
jwoaMCgsl (Rs + leLs/OCM> ’

where oy K gml/WOCgsl and jw()(Lg + Ls/aM) + 1/jw0aMCgsl ~ 0. USIHg Eqs (A 5) (A 6)
(A.33), and (A.34), we have

~

(A.34)

i1 na1]? = ’Hndl(jwo)\2 |ind |2
_ 4kBT719m1R3 (1 —+ Oégd1)2 Af
arlaar |2 (Rs + wri Ls/|anl)?’

U ngel” Z#I:ndl +Z17nd1 ’ Z’Iﬂ,ngcl = Hngcl (]wo)lngd ’ Hndl (]C‘-)O)anl +Hpan (]WO)anl ’ Hngcl (]wo)zngcl

51 4k’BT’)/1.gm1R§ (1 + agdl) Af

(A.35)

= N Taw PR, +enLlawl? (430
[11nger? + Tirngua [* = | Hugn (o) [ing1
4kpTo101Gm (Rs + 2c2sl> Af
= TP+ on Ll (43D
Substituting Egs. (A.35)-(A.37) into Eq. (A.32) gives the noise current of M, at node I:
_ 4kgT R, A 101G,
lira | = EVED iilLanMD (%Xl m1 —1001(2)(17?511]%3) (A.38)

where Y is given by Eq. (3.22). Substituting Egs. (A.29) and (A.38) into Eq. (A.31) gives F},
(Eq. (3.21)).

A22 Fy,

In the common-gate topology, the gate-induced noise current of the MOSFET can be ignored
against the drain noise current:

Vo015 |2 & |Vo,nd2]?, (A.39)

where v, 42 1s the output voltage originating from the drain noise current of My, 4,42, and is
derived from the noise equivalent circuit of the common-gate stage, shown in Fig. A.4:

D) NndQ 2 T 19
Vo naz|? = ’Yb Y |indz|?
N,
=y +d§/1 4k:BT ngA 1, (A.40)
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Figure A.4: Noise equivalent circuit of the common-gate stage.

. (jwM)? ) JwM ( JwM )
2 = (jWLL L oL + Ry (Yo +Y,0,) JjwL; + Ry JwLr+ Ry

~ —jwn?*(1 —k*)L; - (Yo + Yi,c,) + nk(1 — nk), (A41)

where R; and R, are ignored for simplicity; Y; represents the output admittance of the input
stage atnode I; Y7,,¢, = jwCr + 1/(jwL; + Ry), as shown in Section 3.3. Rewriting Eq. (A.30)
in terms of Yy + Y7, we have

2 2

0,Rs 2= s 2’ A.42
Vo, Rs] Yo+ v, Y, lir.r ( )
jwM | (jwM)? )
Nys=————4gn wly + R;, — ————
JwLi+ Ry Jm2 (j g b jwLi+ R,
~ nk + g - jun®(1 — k*)Ly, (A.43)

where R; and R are ignored for simplicity. Dividing Eq. (A.40) by Eq. (A.42) with L; =
1/w?(1+ k)Cr and n = 1, we obtain Fy;, (Eq. (3.23)).

A.2.3 FL; and FLL

The noise voltages of the parasitic resistances of L; and L, are given by

|Ung, |> = 4kTR;Af, (A.44)
U, |? = dkgTRLAf, (A.45)
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respectively. The output noise voltages due to v,,z, and v,,z, can be expressed from Fig. A.4:

2

- N,g -
o R |2 = nEL Ry |2, A.46
|U 7RL| '}/E)_{_}/I |U RL| ( )

JwM

Nor, = 0ma |1 — ——— Yo +Y;
Ry = Om2 ( ]wLI—l—RI) + Yo+ Y0
R Gma(1 —nk) + Yo+ YL, 0, (A.47)
and
. Nop, |?———

o R |2 = n iy |2 A48
|U7RI| }/0_'_}/[ |URI| ( )
jwLp + Ry, JwM JwM ,

i m2 (]WL]—FR[ ij1+R1) ij1+R[ ( 0 J I)
~n(n — k)gme — nk (Yo + jwCr), (A.49)

respectively, where R; and R are ignored for simplicity. Dividing Eqs. (A.46) and (A.48) by
Eq. (A.42) with L; = 1/w2(1+k)Cp and n = 1, we derive Fy, (Eq. (3.24)) and F,, (Eq. (3.25)),
respectively.
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Appendix B

Frequency Responses of Y; and 1/Y;

B.1 Y;

The frequency response of Y7 of the transformer folded-cascode CMOS LNA is shown in Fig.
B.1(a). At low frequencies (1 > —w?(1 — k*) L CL, +jwR;Cr), Eq. (3.3) can be approximated
as

Re[Y;] & gma(1 — nk), (B.1)
1
Im[Y;] = w (CI + anQC’L) -, (B.2)
QJL[
which shows that Im[Y;] becomes zero around
1
woy, = . (B.3)
0 \/L[ (C] + n2k2CL)
Atwyy, = 1/4/(1 — k%)L C}, Re[Y]] exceeds g,,2 and Im[Y;] becomes a maximum:
2/{32
Re[Y)] & gns + - (B.4)
Ry,
1 nkgm
Im[YI] = u}LYIC] — Grm2 (BS)

b
Wl,YILI w1,Y,RLCL

respectively, where 1 — inI(l — k*)L,Cr, ~ 0. Above wyy,, Re[Y7] and Im[Y;] approach
gradually ¢,,,2 and wC7 — 1/wL, respectively.

B2 1/V;

The reverse of Y7 is expressed as

1
i :SCL + s(I—k2)LL+RL (B 6)
Y; D ’ '
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Figure B.1: Calculated (a) Y7 and (b) 1/Y; with k as a parameter.

where D is given by Eq. (3.15). Figure B.1(b) shows the calculated frequency response of 1/Y;
with k as a parameter. At low frequencies (w ~ 0), 1/Y7 is approximated as

Re {1} I (B.7)

Y} - 1+R1gm2(1—nk‘)’
1
Im|—| =0. B.
m[yj} 0 (B.8)

Equation (3.15) indicates that Re[1/Y7] and Im[1/Y;] have peaks around w,, given by Eq. (3.18).
Above w,, Re[1/Y;] and Im[1/Y;] approach gradually 1/g,,2 and 1/(wC;—1/wLy), respectively.
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